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ABSTRACT
Gas c h ro m a to g ra p h y , t h i n - l a y e r  c h ro m a to g ra p h y ,  a u t o r a d i o ­
g ra p h y  and l i q u i d  s c i n t i l l a t i o n  c o u n t in g  w ere  u sed  t o  show t h a t
2 , 4 - d i c h l o r o p h e n o x y a c e t i c  a c i d  d o es  n o t  i n t e r a c t  w i th  o r  com plex 
w i t h  e i t h e r  L - m a la t e  o r  f u m a r a te .  R a d io c h e m ic a l  enzyme a s s a y s  
showed t h a t  2 ,4 -D  d o es  n o t  a c t  a s  an i n h i b i t o r  o f  f u m a ra te  h y d r a -  
t a s e  (E .C . 4 . 2 . 1 . 2 . ;  fu m a ra s e )  i n  e i t h e r  t h e  c ru d e  o r  p u r i f i e d  
s t a t e s .
Fum arase  was p u r i f i e d  by t h e  u s e  o f  p r o ta m in e  s u l f a t e ,  am­
monium s u l f a t e  f r a c t i o n a t i o n ,  h y d ro p h o b ic  c h ro m a to g ra p h y ,  i o n -  
exch an g e  c h ro m a to g ra p h y ,  a f f i n i t y  c h ro m a to g ra p h y ,  and s u c r o s e  
d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n .  The p u r i t y  o f  t h e  enzyme was 
d e te r m in e d  by a n a l y t i c a l  g e l  e l e c t r o p h o r e s i s .  M o le c u la r  w e ig h t  
d e t e r m i n a t i o n s  by sod ium  d o d e c y l  s u l f a t e  (SDS) p o ly a c r y la m id e  
e l e c t r o p h o r e s i s  and m e n is c u s  d e p l e t i o n  a n a l y t i c a l  u l t r a c e n t r i f u g a ­
t i o n  i n d i c a t e  t h a t  t h e  m o l e c u la r  w e ig h t  o f  t h e  n a t i v e  enzyme i s  n e a r  
2 0 0 ,0 0 0 .  The f i n a l  s p e c i f i c  a c t i v i t y  o f  t h e  p u r i f i e d  enzyme was 
3 0 ,8 0 0  u n i t s  p e r  mg. The o f  t h e  enzyme a t  pH 7 . 3 ,  u s in g  m a la te  as  
t h e  s u b s t r a t e ,  was fo u n d  t o  be  5 .5 1  mM.
S im u l ta n e o u s  p u r i f i c a t i o n  o f  Pseudom onas p u t i d a  c a t a l a s e  was 
e f f e c t e d  by t h e  p u r i f i c a t i o n  m ethod .
ix
INTRODUCTION
S e v e r a l  a t t e m p t s  have  been  made t o  d e t e r m in e  t h e  a c t i v i t i e s  
o f  t h e  h e r b i c i d e  2 , 4 - d i c h l o r o p h e n o x y a c e t i c  a c i d  (2 ,4 -D )  on m ic ro ­
o rg a n is m s .  I n  1967, H a r t  showed t h a t ,  a t  low c o n c e n t r a t i o n s  o f  th e  
h e r b i c i d e ,  Pseudom onas f l u o r e s c e n s  was s e l e c t i v e l y  i n h i b i t e d  by 2 ,4 -D .
_3
C rude and p a r t i a l l y  p u r i f i e d  fu m a ra se  was i n h i b i t e d  by 10 M 2 ,4 -D .  
A f t e r  d i a l y s i s ,  t h e  p a r t i a l l y  p u r i f i e d  enzyme was no  l o n g e r  i n h i b i t e d  
by t h e  h e r b i c i d e  u n l e s s  " K o c h s a f t "  ( p r e p a r e d  from  c ru d e  c e l l u l a r  
e x t r a c t s )  o r  AMP was ad d ed .  The p l a n t  g ro w th  hormone i n d o l a c e t i c  a c id  
was t e n  t im e s  more e f f e c t i v e  an an i n h i b i t o r  th a n  2 ,4 -D .
In  1969 , L a m a r t i n i e r e  p u r i f i e d  fu m a ra se  from  Pseudom onas 
p u t i d a  u s in g  a somewhat i n e f f i c i e n t  schem e. He c h a r a c t e r i z e d  th e  
enzyme p u r i f i e d  by p r e p a r a t i v e  g e l  e l e c t r o p h o r e s i s  b u t  d id  n o t  d e t e r ­
m ine t h e  e f f e c t s  o f  2 ,4 -D  on t h e  p u r i f i e d  enzyme.
T h i s  i n v e s t i g a t i o n  r e p o r t s  a  s i m p l i f i e d  p u r i f i c a t i o n  method 
f o r  t h e  fu m a ra se  from  Pseudomonas p u t i d a , some s im p le  c h a r a c t e r i z a ­
t i o n  o f  t h e  enzyme, and a s tu d y  o f  t h e  n o n - e f f e c t  o f  2 ,4 -D  on th e  
c ru d e  and p u r i f i e d  enzyme.
x
LITERATURE REVIEW 
Fum arase  ( f u m a r a te  h y d r a t a s e ,  E .C . 4 . 2 . 1 . 2 . )  i s  t h e  enzyme w hich  
c a t a l y z e s  t h e  r e v e r s i b l e  d e h y d r a t i o n  o f  L -m a la te  t o  f u m a r a te .  The 
a c t i v i t y  o f  t h e  enzyme was d e s c r i b e d  i n  1910 by B a t i e l l i  and S te r n  
and i n  1911 t h e s e  a u t h o r s  i s o l a t e d  f u m a ra te  a s  an i n t e r m e d i a t e  o f  t h e  
c o n v e r s io n  o f  s u c c i n a t e  t o  m a la te  by b e e f  l i v e r  h o m o g e n a te s .  E a r ly  
work o f  i n v e s t i g a t o r s  s t u d y in g  fu m a ra s e  c o n s i s t e d  o f  a t t e m p t s  t o  o b t a i n  
p u re  enzyme. L a k i  and L a k i  (1941) w ere  t h e  f i r s t  t o  c r y s t a l l i z e  th e  
enzyme from  sw ine  h e a r t  m u sc le  b u t  S c o t t  and P o w e l l  (1948) and R acker  
(1950) l a t e r  r e p o r t e d  t h a t  t h e  p r o c e d u r e  y i e l d e d  a  h e t e r o g e n e o u s  
m i x tu r e  o f  p r o t e i n s .  M assey (1 9 5 1 ,  1952) c la im e d  t o  have  i s o l a t e d  a 
homogeneous enzyme i n  t h e  c r y s t a l l i n e  fo rm  b u t  l a t e r  i n v e s t i g a t i o n s  
(P en n e r  and Cohen, 1971 , L in  ^it AL. , 1971) i n d i c a t e d  t h a t  enzyme p r e ­
p a re d  a c c o r d in g  t o  M a s s e y 's  p r o c e d u r e  c o n t a i n s  e l e c t r o p h o r e t i c a l l y  
d i s t i n c t  s p e c i e s  o f  t h e  enzyme. M a s s e y 's  p u r i f i c a t i o n  scheme was a l ­
t e r e d  by F r e i d e n  eh _al. (1953) by e l i m i n a t i n g  a  c a lc iu m  p h o s p h a te  g e l  
column s t e p  w h ich  i n c r e a s e d  t h e  y i e l d  o f  enzyme. S u b s e q u e n t ly ,  K anarek  
and H i l l  (1964) p u b l i s h e d  a  p r o c e d u r e  w h ich  y i e l d e d  gram q u a n t i t i e s  o f  
t h e  c r y s t a l l i n e  enzyme from  sw ine  h e a r t .  The p r o c e d u r e  c o n s i s t s  of 
t h r e e  ammonium s u l f a t e  f r a c t i o n a t i o n s  w i t h  c r y s t a l l i z a t i o n  o f  t h e  
enzyme b e in g  in d u c e d  by d i a l y z i n g  t h e  r e - s o l u b i l i z e d  enzyme a g a i n s t  
s o l u t i o n s  o f  i n c r e a s i n g  ammonium s u l f a t e  c o n c e n t r a t i o n s .
1
Newer t e c h n i q u e s  have  become a v a i l a b l e  f o r  p r o t e i n  p u r i f i c a ­
t i o n .  The m ost im p o r t a n t  o f  t h e s e  i s  t h e  t e c h n iq u e  o f  a f f i n i t y  
c h ro m a to g ra p h y ,  a  m ethod d e v e lo p e d  by Axen, P o r a t h ,  and E rn b ack  
(1967) and expanded  by C u a t r e c a s a s .  W ilch ek ,  and A n f in s e n  (1 9 6 8 ) .  
A f f i n i t y  c h ro m a to g ra p h y  u t i l i z e s  t h e  s e l e c t i v e  a f f i n i t y  o f  an e n ­
zyme f o r  i t s  s u b s t r a t e  o r  i n h i b i t o r ,  im m o b il iz e d  on an i n s o l u b l e  
s u p p o r t  m a t r i x ,  t o  s e p a r a t e  t h a t  enzyme from  a m ix tu r e  o f  p r o t e i n s .  
T h i s  t e c h n i q u e  h a s  o n ly  r e c e n t l y  been  u t i l i z e d  a s  a  p u r i f i c a t i o n  
method f o r  f u m a ra s e .  W oodfin (1 9 7 3 , 1975) u sed  b r o m o s u c c in ic  a c i d  
a t t a c h e d  t o  c e l l u l o s e  v i a  a  h e x an e  d ia m in e  arm a s  t h e  a f f i n i t y  
m a t r i x  and e l u t e d  t h e  column w i t h  a  c o m p e t i t i v e  i n h i b i t o r  o f  fuma­
r a s e ,  s u c c i n a t e ,  t o  o b t a i n  p a r t i a l l y  p u r i f i e d  enzyme. S u b seq u en t  
io n -e x c h a n g e  c h ro m a to g ra p h y  y i e l d e d  a  p r e p a r a t i o n  o f  fu m a ra se  t h a t  
was 30% p u r e ,  b a s e d  on l i t e r a t u r e  v a l u e s  o f  p u r i f i e d  sw ine  h e a r t  
fu m a ra s e .
S i m i l a r l y ,  Beeckmans and K anarek  (1977) h av e  em ployed a f f i n i t y  
t e c h n i q u e s  w i t h  fu m a ra se  p u r i f i e d  by t h e  method o f  K anarek  and H i l l  
(1 9 6 4 ) .  They u sed  t h e  c o m p e t i t i v e  i n h i b i t o r  p y r o m e l l i t i c  a c i d  ( 1 , 2 ,
4 , 5 - b e z e n e t e t r a - c a r b o x y l i c  a c i d )  a s  t h e  a f f i n i t y  l i g a n d  a t t a c h e d  to  
S e p h a ro s e  4B, t h e  c l a s s i c a l  a g a r o s e  a f f i n i t y  m a t r i x .  The bound e n ­
zyme was e l u t e d  w i t h  m a l a t e ,  d i a l y s e d  a g a i n s t  p h o s p h a te  b u f f e r  and 
c r y s t a l l i z e d  by d i a l y s i s  a g a i n s t  ammonium s u l f a t e  s o l u t i o n s  o f  i n ­
c r e a s i n g  c o n c e n t r a t i o n s .  They r e p o r t e d  t h i s  y i e l d e d  a  homogeneous 
p r o d u c t .
Fum arase  i s  v e r y  s e n s i t i v e  t o  pH and i o n i c  s t r e n g t h  e f f e c t s .
The a c t i v i t y  c u r v e s  o f  fu m a ra se  a r e  a f f e c t e d  by many a n i o n s ,  i n ­
c l u d i n g  th e  s u b s t r a t e .  W ith e i t h e r  m a la te  o r  f u m a r a te  a s  t h e  s u b ­
s t r a t e ,  p h o s p h a te  and o t h e r  p o l y v a l e n t  a n io n s  s e r v e  a s  a c t i v a t o r s  and 
c a u s e  a s h i f t  i n  t h e  pH optimum t o  a  more a l k a l i n e  v a l u e .  I n  t h e  
p r e s e n c e  o f  0 .0 3 3  M p h o s p h a te  and w i t h  m a la t e  a s  t h e  s u b s t r a t e ,  t h e  pH 
optimum i s  8 . 2 .  I n  t h e  same b u f f e r  b u t  w i th  f u m a r a te  a s  t h e  s u b s t r a t e ,  
t h e  pH optimum i s  6 .8  ( A lb e r ty  e t  a l . , 1 9 5 4 ) .  T h i s  i n f o r m a t i o n  l e a d  
t h e s e  a u t h o r s  t o  s u g g e s t  t h a t  t h e r e  a r e  two i o n i z a b l e  g ro u p s  a s s o c i a ­
t e d  w i t h  t h e  a c t i v i t y  o f  t h e  enzyme.
M ic h a e l i s  c o n s t a n t s  v a r y  w i th  t h e  pH and a r e  d i r e c t l y  p r o p o r ­
t i o n a l  t o  t h e  p h o s p h a te  c o n c e n t r a t i o n ,  u n t i l  t h o s e  l e v e l s  a r e  r e a c h e d  
w here  t h e  p h o s p h a te  b e g i n s  t o  i n h i b i t  t h e  enzym e. H owever, t h e  m ax i­
mum i n i t i a l  v e l o c i t y  i n c r e a s e s  w i t h  d e c r e a s i n g  p h o s p h a te  c o n c e n t r a t i o n  
and becom es n e a r l y  in d e p e n d e n t  o f  i t s  v a l u e  (M assey , 1 9 5 3 a ) .  (The 
s i g n i f i c a n c e  o f  t h e s e  f a c t s  w i l l  become c l e a r  i n  a d i s c u s s i o n  o f  th e  
m echanism  o f  a c t i o n  o f  f u m a ra s e ,  l a t e r ) .  U n l ik e  o t h e r  h y d r o l y s a s e s , 
fu m a ra s e  h a s  n o t  b een  shown to  h av e  a  r e q u i r e m e n t  f o r  any m e ta l  io n s  
o r  p y r i d o x a l  p h o s p h a t e .  M onovalen t a n i o n s ,  p a r t i c u l a r l y  C l , Br , and 
CNS a l s o  s h i f t  t h e  pH optimum t o  a  more a l k a l i n e  v a l u e ,  a p p a r e n t l y  
by a l t e r i n g  t h e  i o n i z a i t o n  c o n s t a n t  o f  g ro u p s  n e a r  o r  a t  t h e  a c t i v e  
s i t e  o f  t h e  enzyme ( A lb e r ty  e t  a l .  1954 ; F r i e d e n  and A l b e r t y ,  1 9 5 4 ) .
T e m p e ra tu re  a l s o  a f f e c t s  t h e  a c t i v i t y  o f  sw in e  h e a r t  f u m a ra s e .  
Between 22 and 28 C, a c t i v i t y  can  v a r y  by a s  much a s  8% p e r  d e g r e e
4c h an g e .  I n  a d d i t i o n ,  t h e  M i c h a e l i s  c o n s t a n t s  a r e  s e n s i t i v e  t o  tem­
p e r a t u r e .  When L - m a l a t e  i s  u sed  a s  th e  s u b s t r a t e ,  t h e  i n c r e a s e s  
w i t h  an i n c r e a s e  i n  t e m p e r a t u r e ,  i n d i c a t i n g  t h a t  t h e  f o r m a t io n  o f  
t h e  en zy m e-m a la te  com plex  i s  e x o th e r m ic .  C o n v e r s e ly ,  when fu m a ra te  
i s  th e  s u b s t r a t e ,  t h e  e n z y m e -fu m a ra te  com plex  f o r m a t io n  i s  e n d o th e rm ic  
(M assey, 1 9 5 3 b ) .
The m o le c u la r  w e ig h t  o f  fu m a ra se  i s  a round  1 9 4 ,0 0 0  (Beelcmans 
and K an a rek ,  1973) a l t h o u g h  p u b l i s h e d  v a l u e s  hav e  in c l u d e d  a  v a l u e  o f  
2 2 0 ,0 0 0  M. W. ( F r i e d e n  j r t  j i l .  , 1953; J o h n so n  and M assey , 1 9 5 7 ) .  I t
i s  th o u g h t  t h a t  t h i s  l a t t e r  v a l u e  o f  2 2 0 ,0 0 0  M. W. i s  i n  e r r o r  due to
t h e  h e t e r o g e n e i t y  o f  t h e  p r e p a r a t i o n  s t u d i e d .  E q u i l i b r i u m  s e d im e n ta ­
t i o n  s t u d i e s  by K anarek  _al. i n d i c a t e  t h e  s u b u n i t  m o l e c u la r  w e ig h t  
i n  6 M g u a n i d in e  h y d r o c h l o r i d e  i s  4 8 ,5 0 0 ,  w h e th e r  2 - m e r c a p to e t h a n o l  i s  
p r e s e n t  o r  a b s e n t .  I f  t h e  v a l u e  o f  1 9 4 ,0 0 0  i s  c o n s id e r e d  v a l i d  a s  th e  
m o le c u la r  w e ig h t  o f  t h e  n a t i v e  enzym e, t h e n  th e  enzyme i s  a p p a r e n t l y  
c o m p rised  o f  f o u r  s u b u n i t s  o f  e q u a l  m o l e c u l a r  w e ig h t .
K anarek  and H i l l  (1964) d e t e r m in e d  th e  amino a c i d  c o n t e n t  o f  th e  
enzyme and n o te d  t h a t  t h e r e  a r e  1763 r e s i d u e s  p e r  m o le c u le  w i th  th e
am ounts  o f  h a l f - c y s t i n e  and t r y p t o p h a n  b e i n g  v e r y  low (12 and 8 r e s i d u e s
p e r  m o le c u le ,  r e s p e c t i v e l y ) .  T i t r a t i o n  w i t h  p - c h lo r o m e r c u r o b e n z o a te  
showed t h a t  12 m oles  o f  PCMB r e a c t e d  p e r  m ole  o f  f u m a r a s e ,  i n d i c a t i n g  
t h a t  fu m a ra se  l a c k s  d i s u l f i d e  b o n d s .  O th e r  w o rk e r s  (K anarek  e t  a l . , 
1964) d e te r m in e d  t h e  N - t e r m i n a l  am ino a c i d  r e s i d u e  o f  t h e  n a t i v e  
enzyme t o  be  a l a n i n e  and fo u n d  t h a t  t h e r e  a r e  3 .6  m o le s  o f  t h i s  amino
5a c i d  p e r  m ole o f  enzyme. P a r t i a l  d e n a t u r a t i o n  u s in g  8M u r e a  g iv e s  
t e t r a m e r s  and d im e rs  (Beeckmans and K a n a re k ,  1 9 7 3 ) .  Slow r e n a t u r a -  
t i o n  from  8M u r e a  r e s u l t s  i n  d i m e r i c  fo rm s .  C om ple te  rem o v a l o f  th e  
u r e a  by d i a l y s i s  a g a i n s t  p h o s p h a te  b u f f e r  u s u a l l y  r e s t o r e s  fu m a ra se  
a c t i v i t y  ( H i l l  and K a n a rek ,  1 9 6 4 ) .  T e i p e l  and H i l l  (1971) n o te d  t h a t  
fu m a ra se  d i s s o c i a t e d  i n  weak a c i d  w ould  r e a s s o c i a t e  and t h i s  r e a s s o c i a ­
t i o n  would f o l l o w  f i r s t  o r d e r  k i n e t i c s .  R e a s s o c i a t i o n  i n  p h o s p h a te  
b u f f e r  l e a d s  t o  c o m p le te  r e s t o r a t i o n  o f  a l l  p r o p e r t i e s  o f  t h e  n a t i v e  
enzyme.
P e n n e r  and Cohen ( 1 9 7 1 ) ,  u s i n g  enzyme i s o l a t e d  from  i n d i v i d u a l  
sw ine  h e a r t s  r a t h e r  th a n  p o o le d  m inced  t i s s u e ,  p r e s e n t e d  some d i f f e r e n t  
e v id e n c e  even  th o u g h  th e y  u sed  t h e  p r o c e d u r e s  o f  K anarek  and H i l l  
(1 9 6 4 ) .  They u t i l i z e d  i s o e l e c t r o f o c u s i n g  and w i t h  t h i s  t e c h n iq u e  
d e m o n s t r a te d  a t  l e a s t  s i x  s p e c i e s  o f  fu m a ra s e  s u b u n i t s ;  t h r e e  m a jo r  
and t h r e e  m in o r  b a n d s .  From t h e s e  p r o t e i n s  t h e y  p r e p a r e d  a c t i v e  h y b r id  
fu m a ra se  m o le c u le s  by com bin ing  v a r i o u s  s u b u n t i s .  They s u g g e s te d  t h a t  
t h e  p r e s e n c e  o f  t h e s e  d i f f e r e n t  s p e c i e s  may a c c o u n t  f o r  some o f  th e  
c o n f l i c t i n g  r e p o r t s  found  i n  t h e  l i t e r a t u r e  on f u m a ra s e .  S in c e  i t  h a s  
now b een  shown t h a t  s i n g l e  amino a c i d  s u b s t i t u t i o n s  can  m a rk e d ly  a l t e r  
t h e  c o n f o r m a t io n  o f  a p r o t e i n  ( Y u ta n i  e t  a l . , 1 9 7 7 ) ,  t h i s  o b s e r v a t i o n  
i s  n o t  s u r p r i s i n g .
As m e n tio n e d  ab o v e ,  t h e r e  a r e  tw e lv e  t h i o l  g ro u p s  found  p e r  enzyme 
m o le c u le .  S t u d i e s  done w i t h  t h i o l  r e a c t i v e  r e a g e n t s  hav e  r e v e a l e d  
t h a t  t h e s e  t h i o l  g ro u p s  a r e  n o t  a s s o c i a t e d  w i t h  t h e  a c t i v e  s i t e  and a r e
l o c a t e d  i n  t h e  i n t e r i o r  o f  t h e  m o le c u le  s i n c e  t h e  r e a c t i o n  r a t e  o f  
t h e  t h i o l  r e a g e n t s  w i th  t h e  n a t i v e  enzyme was s lo w e r  th a n  t h e  r a t e  
f o r  t h e  u n f o ld e d ,  " d e n a tu r e d "  enzyme (R ob inson  et^ a l . ,  1 9 6 7 ) .  The 
t h i o l  g ro u p s  h av e  an im p o r t a n t  r o l e  i n  s u b u n i t  i n t e r a c t i o n  b e c a u se  
t r e a t m e n t  o f  enzyme w i th  PCMB r e s u l t s  i n  i n a c t i v e  d im e r ic  fo rm s .
T h i s  i n a c t i v a t i o n  and d i s s o c i a t i o n  i s  p r o p o r t i o n a l  t o  t h e  number of 
t h i o l  g ro u p s  m o d i f ie d  ( T e i p e l  and H i l l ,  1971, A l b e r t y  et_ a l . , 19 5 4 ) .
C o n s id e r a b l e  d a t a  hav e  been  p u b l i s h e d  on th e  m echanism  of  fuma­
r a t e  h y d r a t a s e  a c t i o n .  I o d o a c e t a t e  and 4 -b ro m o c ro to n a te  r e a c t  a t  
t h e  a c t i v e  s i t e  o f  sw ine  h e a r t  f u m a ra s e .  Both  have  a  c a r b o x y l  group  
b u t  i n  a d d i t i o n  4 -b ro m o c ro to n a te  h a s  a  d o u b le  bond i n  th e  t r a n s -  
c o n f i g u r a t i o n .  B oth  compounds i n h i b i t  t h e  enzyme w i th o u t  m o d ify in g  
t h e  t h i o l  g ro u p s  and t h i s  i n h i b i t i o n  i s  g r e a t l y  d im in is h e d  when fuma­
r a t e ,  m a l a t e ,  o r  c o m p e t i t i v e  i n h i b i t o r s  a r e  p r e s e n t .  T hese  s t u d i e s  
i n d i c a t e d  t h a t  m e th io n in e  and h i s t i d i n e  a r e  im p o r t a n t  r e s i d u e s  o f  
t h e  a c t i v e  s i t e  (B radshaw  et_ a l . , 1969; R o g e r s ,  1 9 7 7 ) .  T h i s  i n f o r ­
m a t io n ,  c o u p le d  w i t h  t h e  r e s u l t s  m e n tio n ed  e a r l i e r  by A l b e r t y  j i t  a l . , 
1954) a b o u t  t h e  two i o n i z a b l e  g ro u p s  a s s o c i a t e d  w i th  t h e  a c t i v i t y  o f  
t h e  enzyme s t r o n g l y  s u g g e s t  t h a t  t h e  g ro u p s  i n t i m a t e l y  in v o lv e d  a t  t h e  
s i t e  h av e  b een  d i s c o v e r e d .
I s o t o p e  ex ch an g e  s t u d i e s  (H ansen ejt a l . , 1969) have  shown t h a t  
t h e  ex ch an g e  r a t e  o f  t h e  h y d ro x y l  g ro u p  w i t h  w a te r  i s  g r e a t e r  th a n  
th e  p r o to n  ex ch a n g e  r a t e .  The o v e r a l l  c o n v e r s io n  r a t e  o f  s u b s t r a t e  
t o  p r o d u c t  i s  a l s o  much s lo w e r  th a n  t h e  h y d ro x y l  exchange  r a t e .  The
7r a t e  o f  p r o t o n  exchange  o f  m a la te  h y d ro g en  ( t h a t  i s ,  h y d ro g e n  r e -  
v a l  upon d e h y d r a t io n )  d o es  n o t  e x ce ed  th e  r a t e  o f  h y d ro g e n  i n c o r ­
p o r a t i o n  i n  th e  r e v e r s e  r e a c t i o n .  T hese  r e s u l t s  s u p p o r t  t h e  e a r l i e r  
h y p o t h e s i s  t h a t  f u m a ra te  h y d r a t a s e  a c t s  th r o u g h  a  ca rb o n iu m  io n  
i n t e r m e d i a t e  ( T e i p e l  ejt a l .  , 1968) a s  shown in  t h e  f i r s t  f i g u r e .
F u r t h e r  work h a s  l e n t  c r e d e n c e  t o  t h e  ca rb o n iu m  io n  m echanism  and 
h a s  added new i n f o r m a t io n  t o  t h e  m echanism . H ansen et^ a]L. (1969) 
fo u n d  t h a t  t h e  exchange  o f  m a la te  w i th  fu m a ra te  i s  f a s t e r  th a n  t h e  
hy d ro g en  exchange  o f  m a la te  w i th  w a t e r .  T h is  s u g g e s t s  t h a t  an e n -  
z y m e -p ro to n  com plex i n  t h e  enzyme p r i o r  t o  s u b s t r a t e - e n z y m e  i n t e r ­
a c t i o n  i s  r e q u i r e d  i n  t h e  r e a c t i o n .  I t  i s  p o s s i b l e  t h a t  t h e  p r o to n  
b in d s  t o  th e  im id a z o le  g roup  o f  t h e  h i s t i d i n e  p r e s e n t .  T h e re  i s  
e x p e r i m e n t a l  e v id e n c e  t h a t  two dom ains o f  p o s i t i v e  c h a r g e  a r e  r e ­
q u i r e d  f o r  c a t a l y s i s  ( A l b r i g h t ,  1971, M assey , 1 9 5 3 b ) .  T hese  p o s i t i v e l y  
c h a rg e d  dom ains  a c t  a s  weak a c i d s  and a t  l e a s t  one o f  t h e s e  dom ains  
c o n t a i n s  a  h i s t i d i n e  r e s i d u e  a s  d e s c r i b e d  ab o v e .  T hese  dom ains  p o s s i ­
b l y  s e r v e  t o  o r i e n t  s u b s t r a t e  m o le c u le s  and a c t  a s  a  s o u r c e  o f  t h e  
r e q u i r e d  p r o t o n .
T h i s  m echanism  i s  p l a u s i b l e  b u t  does  n o t  a c c o u n t  f o r  a l l  t h e  
d a t a .  At low s u b s t r a t e  c o n c e n t r a t i o n s ,  t h e  r e a c t i o n s  c a t a l y z e d  by  
sw ine  h e a r t  f u m a r a te  h y d r a t a s e  f o l l o w  M ic h a e l i s -M e n te n  k i n e t i c s .
When c o n c e n t r a t i o n s  g r e a t e r  th a n  f i v e  t im e s  t h e  v a l u e s  a r e  em p loyed ,  
s u b s t r a t e  a c t i v a t i o n  i s  o b s e r v e d .  I f  t h e  s u b s t r a t e  c o n c e n t r a t i o n  i s  
r a i s e d  above  a b o u t  0 .1  M, s u b s t r a t e  i n h i b i t i o n  i s  e x h i b i t e d .  The
8F ig .  1 . S c h e m a tic  show ing th e  p ro p o s e d  c a rb o n iu m  io n  m echanism  
o f  t h e  d e h y d r a t i o n  o f  m a la te  by fu m a ra se .
9HOHB4
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s u b s t r a t e  a c t i v a t i o n  can  p o s s i b l y  be  e x p l a in e d  by  assu m in g  t h a t  a  
seco n d  s u b s t r a t e  m o le c u le  b in d s  t o  a  n o n - c a t a l y t i c  ( a l l o s t e r i c )  
s i t e  w h ich  i n c r e a s e s  t h e  r e a c t i v i t y  o f  t h e  a c t i v e  s i t e .  A n o th e r  
p o s s i b i l i t y  t o  e x p l a i n  t h e  phenomenon o f  s u b s t r a t e  a c t i v a t i o n  i s  
t h a t  th e  enzyme p o s s e s s e s  two o r  more in d e p e n d e n t  b u t  n o n - i d e n t i c a l  
b in d i n g  s i t e s  ( o r  p o s s i b l y  d i s t i n c t  s u b u n i t  t y p e s )  w h ich  e x h i b i t  
d i f f e r e n t  a f f i n i t i e s  f o r  t h e  s u b s t r a t e .  S in c e  h y b r i d  enzym es have  
b een  o b s e r v e d ,  t h i s  p o s s i b i l i t y  i s  f e a s i b l e  (L in  e t  a i l . , 1 9 7 1 ) .
S u b s t r a t e  i n h i b i t i o n  o f  fu m a ra se  h a s  b een  s t u d i e d  by i n f r a r e d  
s p e c t r o m e t r y  and th e  i n h i b i t i o n  h a s  b e e n  e x p l a i n e d  by th e  n o n - p r o d u c ­
t i v e  b in d i n g  o f  two s u b s t r a t e  m o le c u le s  a t  t h e  a c t i v e  s i t e  (Gawron 
and Fondy, 1 9 5 9 ) .
Many compounds w h ich  a r e  s t r u c t u r a l  a n a lo g u e s  o f  s u b s t r a t e s  a r e  
a l s o  c o m p e t i t i v e  i n h i b i t o r s  o f  t h e  enzyme. Most d i c a r b o x y l i c  a c i d s  
and t r i c a r b o x y l i c  a c i d s  a r e  c o m p e t i t i v e  i n h i b i t o r s ,  w h i l e  m onocarboxy-  
l i c  a c i d s  o r  compounds i n  w h ich  t h e  c a r b o x y l  g ro u p  h a s  b e e n  a l t e r e d  
by d e r i v a t i z a t i o n  a r e  i n e f f e c t i v e  a s  i n h i b i t o r s  e x c e p t  a t  h ig h  
c o n c e n t r a t i o n s .  T hese  d a t a  s u g g e s te d  t o  M assey t h a t  f o r  a  compound 
t o  be  a  good c o m p e t i t i v e  i n h i b i t o r  i t  m ust b in d  t o  r e g i o n s  i n  t h e  a c t i v e  
s i t e  c o n t a i n i n g  a t  l e a s t  two n e g a t i v e l y  c h a rg e d  c a r b o x y l  g ro u p s  (M assey , 
1 9 5 3 a ) . I t  h a s  b e e n  known f o r  some t im e  t h a t  h i g h  c o n c e n t r a t i o n s  o f  
p h o s p h a te  i o n s  a r e  i n h i b i t o r y .  P e n n e r  and Cohen (1969) and Reyns (1976) 
r e p o r t e d  t h a t  ATP i s  a  c o m p e t i t i v e  i n h i b i t o r  o f  f u m a r a s e .  The o t h e r  
n u c l e o t i d e  t r i p h o s p h a t e s  a r e  a l s o  c o m p e t i t i v e  i n h i b i t o r s .
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Most o f  t h e  s t u d i e s  on p h y s i c a l  c h a r a c t e r i z a t i o n  of fu m a ra se  
h av e  em ployed sw ine  h e a r t  fu m a ra se  w i t h  l i t t l e  a t t e n t i o n  p a id  t o  
o t h e r  s o u r c e s  o f  t h e  enzyme. I n d e e d ,  w i t h  t h e  e x c e p t i o n s  o f  t h e  
work done by L a m a r t i n i e r e  on  fu m a ra s e  from  Pseudom onas p u t i d a  
( L a m a r t i n i e r e ,  1969; L a m a r t i n i e r e  e t  a l . , 1970) and by Reyns on 
c h ic k e n  fu m a ra se  (Reyns and L e o n i s ,  1974a; Reyns and L e o n i s ,  1974b; 
Reyns et_ a l . ,  1974; Reyns and L e o n i s ,  1975; R ey n s ,  1976) many o f
t h e  s t u d i e s  o f  fu m a ra s e s  from  o t h e r  s o u r c e s  h av e  n o t  had a s  t h e i r
o b j e c t i v e  o f  i n c r e a s i n g  t h e  know ledge  o f  fu m a ra s e  b u t  r a t h e r  t o  u se  
t h e  enzyme a s  a  m a rk e r .  I t  s h o u ld  be n o te d  h e r e  t h a t  w ork on s t i l l  
o t h e r  fu m a ra s e s  su ch  a s  t h a t  o f  C a t a l d i  and S to p p a n i  (1966) , S h ih  
and B a r n e t t  (1 9 6 8 ) ,  Hayman and A l b e r t y  ( 1 9 6 4 ) ,  and M ello  A y res  and 
L a ra  (1962) h a s  been  p e r fo rm e d  b u t  t h e  e x p e r i m e n t a t i o n  was n o t  a s  
e x t e n s i v e  a s  t h e  a f o r e m e n t io n e d  e x a m p le s .  O t h e r ,  more r e c e n t  p a p e r s  
on fu m a ra se  o t h e r  th a n  sw ine  h e a r t  i n c l u d e  F r a n k l i n  and H ugg ins  
c o m p a r iso n  o f  v e r t e b r a t e  and i n v e r t e b r a t e  f u m a r a s e s ;  t h e  o b s e r v a ­
t i o n s  o f  C rabbe  and K avanaugh (1977) on fu m a ra s e  from  human s e m in a l
p la sm a ;  t h e  work o f  A breu  and A breu  (1 9 7 4 ,  1976) and A d la rd  and
Downing (1971) on r a t  b r a i n  f u m a r a s e ,  and T u r s k a  e t  a l .  and N akashim a 
e t  a l . on t h e  enzyme from  r a t  l i v e r .  T hese  p a p e r s  do n o t  i n v e s t i g a t e  
t h e  enzyme i n  any d e t a i l .
S in c e  th e  a s s a y  f o r  f u m a ra s e  i s  e a s y  t o  p e r fo rm  and v e r y  s e n s i ­
t i v e  (K anarek  and H i l l ,  1 9 6 4 ) ,  t h e  enzyme i s  b e i n g  u se d  a s  a
c y to p la s m ic  m a rk e r  f o r  chrom osom al s t u d i e s  i n  t h e  f r u i t  f l y  
D r o s o p h i l a  (Madhavan, 1973; P i p k in  _et _ a l . , 1977) and i n  v a r i o u s  
c u l t u r e d  c e l l  l i n e s  (T o l l e y  and C r a i g ,  1 9 7 5 ) .  A d d i t i o n a l l y ,  s i n c e  
L - m a l ic  a c i d  h a s  many u s e s  i n  t h e  food  i n d u s t r y  i n v e s t i g a t o r s  h av e  
b een  p r o d u c in g  Pseudomonas c e l l s  w i t h  h ig h  fu m ara se  a c t i v i t y  
( Z a f f a r o n i _ e t  _ a l . r 1 9 7 5 ) ,  e n t r a p p i n g  f u m a ra te  h y d r a t a s e  a n d / o r  
b a c t e r i a l  c e l l s  i n  i n s o l u b l e  f i b e r s  (Cook, 1 9 7 6 ) .
2 , 4 - D ic h lo r o p h e n o x y a c e t i c  A cid
I t  was shown soon  a f t e r  t h e i r  i n t r o d u c t i o n  t h a t  c h lo ro p h e n o x y -  
a c e t i c  a c i d s  a r e  v e r y  p o t e n t  h e r b i c i d e s  (Nutman e^t _al. , 1945) .
S in c e  t h e i r  i n t r o d u c t i o n  i n  1945 on a  co m m erc ia l  b a s i s  th e y  have  
b een  t h e  m ost im p o r t a n t  h e r b i c i d e s  u se d  i n  t h i s  c o u n t r y .  O n e - f o u r th  
o f  a l l  h e r b i c i d e s  u se d  i n  t h e  U n i te d  S t a t e s  a r e  from  t h e  c h l o r o p h e n -  
o x y a c e t i c  g ro u p .  The m ost w id e ly  u sed  o f  t h e s e  i s  2 , 4 - d i c h l o r o p h e n -  
o x y a c e t i c  a c i d  ( 2 ,4 - D ) .  O th e r  im p o r t a n t ,  r e l a t e d  h e r b i c i d e s  a r e
2 , 4 , 5 - t r i c h l o r o p h e n o x y a c e t i c  a c i d , 2 - m e t h y l , 4 - c h l o r o p h e n o x y a c e t i c  
a c i d  (MCPA), and 2 , 4 - d i c h l o r o p h e n o x y b u t y r i c  a c i d ,  b u t  th e y  a r e  o f  
l e s s  v a l u e  th a n  2 ,4 -D .  In  t h e  l a t e  s i x t i e s  p r o d u c t i o n  o f  t h e s e  
compounds d e c r e a s e d  s i n c e  th e y  w ere  no l o n g e r  b e in g  u sed  a s  d e f o l i a n t s  
i n  I n d o c h in a ,  b u t  2 ,4 -D  i s  a g a i n  one o f  t h e  m ost im p o r t a n t  h e r b i c i d e s  
c u r r e n t l y  u s e d .  P a r t  o f  t h e i r  im p o r ta n c e  r e s u l t s  from  t h e  f a c t  t h a t  
th e y  a r e  a n a lo g u e s  o f  t h e  p l a n t  g ro w th  hormone i n d o l a c e t i c  a c i d  (IAA) 
an d ,  a s  s u c h ,  th e y  mimic t o  some e x t e n t  a u x in  a c t i v i t y  i n  p l a n t s .
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A n o th e r  r e a s o n  f o r  t h e i r  im p o r ta n c e  i s  t h a t  th e y  a r e  somewhat 
s e l e c t i v e  i n  t h e i r  e f f e c t s ,  b e in g  more t o x i c  t o  b r o a d l e a f  p l a n t s  
th a n  to  g r a s s e s .
Most o f  t h e  i n v e s t i g a t i o n s  on 2 ,4 -D  h av e  d e a l t  w i t h  d e t e r m in i n g  
i t s  mode o f  a c t i o n  on h i g h e r  p l a n t s .  E a r l i e r  w o rk e r s  s t u d i e d  t h e  
a c t i v i t y  o f  th e  h e r b i c i d e  on m ic ro o rg a n is m s  ( s e e  H a r t ,  1 9 6 7 ) ,  b u t  
l i t t l e  work i s  p r e s e n t l y  b e i n g  done on m i c r o b i a l  r e s p o n s e s  t o  2 ,4 -D .  
T h ere  a r e  some e x c e p t io n s  ( B e r t a g n o l i ,  1974; Z e t t e r b e r g ,  1 9 7 7 ) ,  b u t  
m ost s t u d i e s  now in v o l v e  e i t h e r  p l a n t  c e l l  c u l t u r e s  (A rn is o n  and B o l l ,  
1976; K ing ,  1976) o r  i n d i v i d u a l  w ho le  p l a n t  s t u d i e s  (H allam  and 
S a r g e n t ,  1 9 7 0 ) .  R ece n t  work r e l a t i n g  2 ,4 -D  t o  m ic ro o rg a n is m s  i s  
p r i m a r i l y  in v o lv e d  w i t h  t h e  b a c t e r i a l  m e ta b o l i s m  o f o r  d e t o x i c a t i o n  
o f  t h e  compound ( s e e  Kaufman and K e a rn e y ,  1 9 7 6 ) .  T h i s  i s  p r o b a b ly  
due t o  t h e  p r e s e n t  c o n c e rn  a b o u t  p r o t e c t i o n  o f  t h e  e n v i ro n m e n t .
As f o r  t h e  a c t u a l  m echanism  o f  a c t i o n  o f  2 ,4 -D  i n  p l a n t s ,  i t  h a s  
lo n g  been  th o u g h t  t h a t  p l a n t  d e a t h  was t h e  r e s u l t  o f  a  v a r i e t y  o f  
e f f e c t s  (W eaver, 1972) and to  some e x t e n t  t h i s  i s  t r u e .  I t  i s  t o  be 
e x p e c te d  t h a t  s i n c e  c h l o r o p h e n o x y a c e t i c  a c i d s  a c t  a s  a u x i n s ,  t h e i r  
e f f e c t s  would  a p p e a r  a t  many a r e a s  i n  t r e a t e d  p l a n t s .  Use o f  l a b e l l e d  
h e r b i c i d e s ,  how ever ,  hav e  shown t h a t ,  a t  l e a s t  i n  t h e  p l a n t s  s t u d i e d ,  
t h e  i n i t i a l  t a r g e t  o f  2 ,4 -D  i s  t h e  c h l o r o p l a s t  (N ad ak av u k a re n ,  1977; 
H allam  e t  a l . ) .  H allam *s work a l s o  showed t h a t  c u l t u r e d  c e l l s  do n o t  
p ro d u c e  c h l o r o p l a s t s  i f  2 ,4 -D  i s  added  t o  t h e  n u t r i e n t  s o l u t i o n .  
B e r t a g n o l i  and N adavukaren  (1974) showed t h a t  2 ,4 -D  d i s r u p t e d  th e  
c h l o r o p l a s t s  o f  t h e  p h o t o s y n t h e t i c  a l g a ,  C h l o r e l l a  p y r e n o i d o s a .
W hile no  one h a s  y e t  r e p o r t e d  a  d e f i n i t e  mode o f  a c t i o n  f o r  2 ,4 -D ,  
i t  w ould  seem t h a t  i t s  e f f e c t s  a t  t h e  membrane l e v e l  o f  i n t r a c e l l u l a r  
o r g a n e l l e s  a r e  a l i k e l y  p o s s i b i l i t y .
I n  1967, H a r t  r e p o r t e d  t h a t  2 ,4 -D  a d v e r s e l y  a f f e c t e d  th e  g ro w th  
of s e v e r a l  s o i l  m ic ro o rg a n is m s .  The g r e a t e s t  e f f e c t  was on P seu d o ­
monas p u t i d a , w h ich  was m ost s e n s i t i v e  when grown on a f u m a r a t e - s a l t s  
medium. T hese  s t u d i e s  i n d i c a t e d  t h a t  t h e  p r o b a b le  s i t e  o f  th e  
e f f e c t s  shown was i n  t h e  c i t r i c  a c i d  c y c l e  s i n c e  c e l l s  grown in  th e  
p r e s e n c e  o f  2 ,4 -D  a c c u m u la te d  i n t e r m e d i a t e s  o f  t h i s  p a th w a y ,  p a r t i c u ­
l a r l y  fu m a r ic  a c i d .
MATERIALS AND METHODS
R e a g e n ts
W ith t h e  e x c e p t i o n  o f  b rom o fu m aric  a c i d ,  w h ich  was s y n t h e s i z e d  
i n  t h i s  l a b o r a t o r y  ( s e e  b e lo w ) ,  and th e  f o l l o w i n g  s p e c i a l  c h e m ic a l s ,  
a l l  r e a g e n t s  u sed  i n  t h i s  e x p e r i m e n t a t io n  w ere  a n a l y t i c a l  r e a g e n t  
g r a d e .  T h ese  s p e c i a l  c h e m ic a l s  w e re :  l - c y c l o h e x y l - 3 - ( 2 - m o r p h o l i n o -
e t h y l )  c a r b o d i im i d e  m e th o - p - to lu e n e  s u l f o n a t e ,N ,N - d im e th y l f o rm a m id e ,  
p ro ta m in e  s u l f a t e ,  a d e n o s in e  m onophospha te  (AMP), 3 ’ , 5 ’ c y c l i c  
a d e n o s in e  m onophosphate  (cAMP), n o r - l e u c i n e ,  p h e n y l a l a n i n e ,  t y r o s i n e ,  
i s o l e u c i n e ,  TRIS ( t r i s h y d r o x y m e th y la m in o m e th a n e ) , p y r o m e l l i t i c  a c id  
( 1 , 2 , 4 , 5 - b e n z e n e t e t r a - c a r b o x y l i c  a c i d )  (Sigma C hem ica l C o . ) ;  DEAE- 
S e p h a c e l ,  S e p h a ro s e  4B, S e p h a ro s e  6B-CL, O c ty l  S e p h a ro s e ,  S e p h a c ry l  
2 -200  S u p e r f i n e ,  B lue  d e x t r a n  2000 (P h a rm a c ia  F in e  C h em ica ls  C o . ) ;  
A c e ty l e n e  d i c a r b o x y l i c  a c i d ,  L -m a l ic  a c i d  (Eastm an Kodak C o . ,  C h em ica ls  
D i v . ) ;  sod ium  d o d e c y l  s u l f a t e  (SDS); a c r y l a m i d e ,  b i s - a c r y l a m i d e ,
TEMED ( N ,N ,N ' ,N * - t e t r a e t h y l m e t h y l e n e d i a m i n e ) , ammonium p e r s u l f a t e ,  
2 - m e r c a p to e t h a n o l ,  C oom assie  B r i l l i a n t  B lue  R-250 (B io-R ad  L a b o ra ­
t o r i e s ) ;  h e x a m e t h y l d i s i l a n z a n e ,  t r i m e t h y l c h l o r o s i l a n e  ( P i e r c e  C hem ical 
C o . ) ;  A q u a s o l-2  (New E ng land  N u c le a r ;  L (U '^C ) m a l i c  a c i d ,  ( 2 , 3 - ^ C )  
fu m a r ic  a c i d  (Amersham C o r p . ) ;  ( 1 - ^ C )  2 , 4 - d i c h l o r o p h e n o x y l a c e t i c  a c i d  
(V olk I s o t o p e s ,  I n c ) ;  and HBr ( S p e c i a l t y  G a s s e s ,  I n c . ) .  2 , 4 - D ic h lo r o -  
p h e n o x y a c e t i c  a c i d  was a  g i f t  o f  t h e  Dow C hem ica l C o r p o r a t i o n .  W ater 
was e i t h e r  d e i o n i z e d  o r  g l a s s - d i s t i l l e d  d e i o n i z e d .
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B rom ofum aric  a c i d  was s y n t h e s i z e d  from  a c e t y l e n e  d i c a r b o x y l i c  
a c i d  by th e  t r a n s - a d d i t i o n  o f  HBr a c r o s s  t h e  d o u b le  bond . Twenty 
grams o f  th e  d i c a r b o x y l i c  a c i d  w ere  su sp e n d e d  i n  25 ml o f  e t h y l  
a c e t a t e .  HBr was b u b b le d  th ro u g h  th e  e t h y l  a c e t a t e  from  t h e  b o t to m  
o f  a  m o d i f ie d  t e a r d r o p  c e n t r i f u g e  tu b e .  The s u s p e n s i o n  c l e a r e d  a s  
t h e  g a s  was added and th e  r e s u l t i n g  s o l u t i o n  became am ber. The 
e t h y l  a c e t a t e  was removed by a d ry  n i t r o g e n  g a s  w ash . The r e s u l t i n g  
c r y s t a l s  w ere  r e c r y s t a l l i z e d  from  95% e t h a n o l .  M e l t in g  p o i n t  d e t e r ­
m i n a t i o n s  i n d i c a t e d  t h a t  th e  compound was b ro m o fu m aric  a c i d .  The 
m e l t i n g  p o i n t  o f  b rom o fu m aric  a c i d  i s  185-186  C and t h e  p r o d u c t  
o b t a in e d  from  th e  r e c r y s t a l l i z a t i o n  m e l te d  a t  185 C. An u l t r a v i o l e t  
s p e c t r o p h o t o m e t r i c  s c a n  i n d i c a t e d  t h e  p r e s e n c e  o f  a  d o u b le  bond and 
th e  compound was presum ed to  be b ro m o fu m aric  a c i d .
O rgan ism s and M a in te n a n c e
Pseudomonas p u t i d a  from  th e  c u l t u r e  c o l l e c t i o n  o f  LSU was m a in ­
t a i n e d  on s l a n t s  o f  S t a n i e r ' s  m in im a l s a l t s  medium ( S t a n i e r ,  1947) 
u s in g  0.1% y e a s t  e x t r a c t  a s  a g ro w th  s u p p le m e n t ,  0.5% f u m a r i c  a c i d  a s  
t h e  main ca rb o n  s o u r c e ,  and 1.5% a g a r  a s  t h e  s o l i d i f y i n g  a g e n t .  The 
i n o c u l a t e d  s l a n t s  w ere  m a in ta in e d  a t  room t e m p e r a t u r e  u n t i l  p ig m en t 
fo rm ed , a t  w h ich  t im e  th e y  w ere  t r a n s f e r r e d  to  s t o r a g e  a t  4 C. 
T r a n s f e r s  w ere  made a t  l e a s t  m o n th ly .  Pseudom onas p u t i d a  ( a r v i l l a )  
m t-2  was o b ta in e d  from  T eruko  Nakazawa o f  J u n te n d o  U n i v e r s i t y ,  Tokyo, 
J a p a n  a s  a  c o n t r o l  s t r a i n  and was m a in t a i n e d  i n  t h e  same m anner a s  
t h e  LSU o rg an ism .
Growth.
S t a n i e r ’ s m in im a l s a l t s  medium ( S t a n i e r ,  1 9 4 7 ) ,  pH 7 . 0 ,  was 
used  a s  t h e  c u l t u r e  medium f o r  t h e  b a t c h  c u l t i v a t i o n  o f  t h e  o rg a n is m s .  
F o r  c o m p a ra t iv e  p u r p o s e s ,  a  g r a d i e n t - f e e d  ty p e  o f  c o n t in u o u s  c u l t u r e  
was a l s o  em ployed ( S r i n i v a s a n ,  1 9 7 7 ) .  The in o c u lu m  f o r  b o th  ty p e s  
o f  c u l t i v a t i o n  c o n s i s t e d  o f  18 -20  h o u r  o ld  c u l t u r e s  o r i g i n a l l y  
i n o c u l a t e d  from  f r e s h  s l a n t s .
The b a t c h  ty p e  o f  c u l t i v a t i o n  em ployed 3% g a l l o n  c a rb o y s  i n t o  
w hich  10 l i t e r s  o f  g ro w th  medium was i n t r o d u c e d .  The medium was a u t o -  
c l a v e d  f o r  n i n e t y  m in u te s  a t  121 C. T h ese  b a t c h  c u l t u r e s  w ere  i n c u ­
b a t e d  a t  room t e m p e r a t u r e .  A g i t a t i o n  was p r o v id e d  by a e r a t i n g  th e  
c u l t u r e  w i th  a i r  f o r c e d  th ro u g h  a u t o c l a v e d  c o t t o n / g l a s s  wool f i l t e r s .  
Dow-Corning A n tifo a m  B (Dow-Corning C o r p . , M id la n d ,  M ich ig an )  was 
d i l u t e d  1 :2  and a u t o c l a v e d  a t  121 C f o r  20 m i n u te s .  The a n t i f o a m  was 
added  t o  t h e  c a rb o y s  a s  n eed e d  t o  c o n t r o l  foam ing  i n  t h e  b a t c h  c u l t u r e s  
Growth was a l lo w e d  to  c o n t in u e  u n t i l  t h e  c h a r a c t e r i s t i c  g r e e n  p ig m en t 
form ed (a b o u t  30 h o u r s )  a t  w h ich  t im e  t h e  c e l l s  w ere  h a r v e s t e d  w i t h  
a  S h a r p i e s  (P e n n w a lt  C o r p . ,  W a rm in s te r ,  P a . )  s te a m  d r i v e n  c o n t in u o u s  
c e n t r i f u g e .  The c e l l s  so  c o l l e c t e d  w ere  w ashed t w i c e ,  once  w i th  
d e i o n i z e d  w a te r  And th e n  w i t h  0 .0 1  M p h o s p h a te  b u f f e r ,  ph 7 .0 .  A 
S o r v a l l  RC-5B r e f r i g e r a t e d  c e n t r i f u g e  (D upont I n s t r u m e n t s ,  Newton, 
C onn .)  was u sed  i n  th e  w a sh in g  p r o c e s s ;  t h e  c e l l s  w ere  spun  a t  
1 6 ,5 0 0  x  g f o r  15 m in u te s .  An a v e r a g e  y i e l d  o f  4 .2  g ra m s ,  w et w e ig h t  
o f  c e l l s ,  p e r  l i t e r  was o b t a i n e d .
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In  th e  g r a d i e n t  f e e d  method o f  c o n t in u o u s  c u l t u r e  ( S r i n i v a s a n ,  
1 9 7 7 ) ,  a  l i n e a r  g r a d i e n t  o f  n u t r i e n t s  and one o f  t r a c e  e le m e n ts  was 
p r o v id e d .  The t r a c e  e l e m e n ts  w ere  m a in ta in e d  s e p a r a t e l y  from  th e  
n i t r o g e n  and p h o s p h o ru s  compounds to  p r e v e n t  p r e c i p i t a t i o n  upon 
a u t o c l a v i n g .  The f i n a l  c o n c e n t r a t i o n  o f  com ponents  was a s  f o l l o w s :  
f u m a r a te ,  30 g / 1 ;  ammonium s u l f a t e ,  9 g / 1 ;  d i b a s i c  p o ta s s iu m  p h o s ­
p h a t e ,  2 .1 6  g / 1 ;  m onobasic  sodium  p h o s p h a te ,  0 .7 2  g / 1 ;  magnesium 
c h l o r i d e  ( h e x a h y d r a t e ) , 0 .0 6 0  g / 1 ;  c a lc iu m  c h l o r i d e ;  0 .0 6  g /1 ;  f e r r o u s  
s u l f a t e  ( h e p t a h y d r a t e ) ,  0 .0 1 5  g / 1 ;  z i n c  s u l f a t e  ( h e p t a h y d r a t e ) ;
Q .048 g /1 ;  c o b a l t  c h l o r i d e  ( p e n t a h y d r a t e ) , 3 x  10 g / 1 ;  and m anganese
c h l o r i d e  ( t e t r a h y d r a t e )  6 x  10- ^ g /1 .
The medium was i n o c u l a t e d  w i th  a  2% in o c u lu m  and  m a in ta in e d  a t  
30 C i n  a New B runsw ick  c o n t in u o u s  c u l t u r e  a p p a r a t u s .  The c u l t u r e  
was a e r a t e d  w i t h  an  oxygen (3  p s i g ) -  a i r  (15 p s i g )  m i x tu r e  a t  a  r a t e  
o f  1 l i t e r  p e r  m in u te .  An i m p e l l e r  d r i v e n  a t  300 rpm th o r o u g h ly  
a g i t a t e d  t h e  c u l t u r e .  The o x y g e n - a i r  m i x tu r e  was p a s s e d  th ro u g h  a 
s t e r i l i z e d  c o t t o n / g l a s s  w ool f i l t e r .  The a n t i f o a m i n g  a g e n t  was a 
1 :2  d i l u t i o n  o f  D ow-Corning A n tifo a m  B, added  t o  t h e  c u l t u r e  a u t o ­
m a t i c a l l y  a s  n e e d e d .  The c u l t u r e  was a l lo w e d  t o  grow f o r  s i x  h o u rs  
p a s t  t h e  a d d i t i o n  o f  a l l  n u t r i e n t s ,  w hereupon  th e  c e l l s  w ere  h a r v e s t e d  
a s  above .  The y i e l d  was a p p r o x im a te ly  80 grams (w et w e ig h t )  o f  c e l l s  
p e r  l i t e r  o f  c u l t u r e  f l u i d .
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Enzyme A ssay s
The method o f  K anarek  and H i l l  (1964) was u sed  r o u t i n e l y  f o r  
enzyme a s s a y s  when L -m a la te  was u sed  a s  th e  s u b s t r a t e .  When fu m a ra te  
was t h e  s u b s t r a t e ,  t h e  a s s a y  method o f  R acker  (1950) was u s e d .  I n  
th e  K anarek  and H i l l  m e thod , c u v e t t e s  w i th  a  1 cm l i g h t  p a t h  a r e  
c h a rg e d  w i th  0 .9  ml o f  a  s o l u t i o n  o f  0 .0 5  M sodium  m a la te  i n  0 .0 5  M 
sodium  p h o s p h a te ,  pH 7 .3 .  The a s s a y  was ru n  a t  30 C. An i n i t i a l
_3
change  i n  a b s o rb a n c e  o f  10 p e r  t e n  s e c o n d s  i s  d e f in e d  a s  b e in g  one 
u n i t  o f  enzyme a c t i v i t y .  The a s s a y  was c o n d u c te d  i n  a  Beckman Model 
25 K i n e t i c  S p e c t ro p h o to m e te r  w i th  o p t i o n a l  t e m p e r a t u r e  c o n t r o l .  In  
b o th  c a s e s ,  t h e  s p e c i f i c  a c t i v i t y  i s  d e f i n e d  a s  b e in g  t h e  t o t a l  
number o f  u n i t s  o f  a c t i v i t y  p e r  m i l l i g r a m  o f  p r o t e i n .
P r o t e i n  M easurem ent
Rough d e t e r m i n a t i o n s  o f  p r o t e i n  c o n c e n t r a t i o n s  w ere  made by 
th e  method o f  W arburg and C h r i s t i a n  ( 1 9 4 2 ) ,  w h ich  u s e s  m easu rem en ts  
o f  a b s o rb a n c e  a t  280 nm r e l a t i v e  t o  m easu rem en ts  a t  260 nm to  p r o v id e  
th e  v a l u e s  o f  r e l a t i v e  p r o t e i n  c o n c e n t r a t i o n .  To d e te rm in e  f i n a l  
s p e c i f i c  a c t i v i t i e s  o r  t o  c a l c u l a t e  t h e  amount o f  p r o t e i n  p u t  on 
PAGE, t h e  m ethod o f  Lowry ert _al. (1951) was u se d  t o  p r o v id e  p r o t e i n  
v a l u e s .  B ov ine  serum  a lb u m in  was u se d  a s  t h e  s t a n d a r d  i n  t h e  Lowry 
d e t e r m i n a t i o n s .
S p e c t r o p h o t o m e t r i c  S cans
S p e c t r o p h o t o m e t r i c  s c a n s  o f  f u m a r a te ,  L - m a la t e ,  2 ,4 -D ,  and o t h e r  
s o l u t i o n s  w ere  p e r fo rm e d  on a  Beckman Model 25 K i n e t i c  s p e c t r o p h o t o ­
m e te r .  R e c o rd e r  sp e e d  was d e te r m in e d  by t h e  s c a n  sp e e d  u s e d .  The 
s c a n  sp eed  was e i t h e r  50 o r  100 nm /m inu te .
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P r e p a r a t i o n  o f  H ydrophob ic  Columns
The m ethods  o f  G eren e t  a l .  (1976) and B ussey  e t  a l .  (1975) 
w ere  u sed  a s  t h e  b a s i s  f o r  t h e  h y d ro p h o b ic  colum ns r u n .  The amino 
a c i d s  n o r - l e u c i n e ,  p h e n y l a l a n i n e ,  and t y r o s i n e  w ere  c o u p le d  to  
S e p h a ro s e  4B by cyanogen b ro m id e  a c t i v a t i o n  a s  d e s c r i b e d  by 
C u a t r e c a s e s ,  W ilch ek ,  and A n f in s e n  (1 9 6 8 ) .  A volum e o f  packed  
S e p h a ro s e  (500 ml) was mixed w i t h  an e q u a l  volume o f  w a te r  and 
p la c e d  on a m a g n e t ic  s t i r r e r  i n  a  w e l l - v e n t e d  h o o d .  E l e c t r o d e s  f o r  
pH m easu rem en t w ere  i n s e r t e d  and s o l i d  cyanogen b ro m id e  (100 mg/ml o f  
packed  S e p h a ro s e )  was added t o  t h e  s t i r r e d  s l u r r y .  The pH was 
im m e d ia te ly  r a i s e d  t o  11 w i th  8 .0  M NaOH. I c e  was added a s  n eed e d  to  
m a i n t a i n  t h e  t e m p e r a t u r e  a t  20 C. The cyanogen  b rom ide  a c t i v a t i o n  
o f  any a g a r o s e  d e r i v i t i v e  i n v o l v e s  t h e  r e l e a s e  o f  f r e e  Br~ and th e  
s u b s e q u e n t  p r o d u c t i o n  o f  HBr. The p r e s e n c e  o f  t h i s  h y d ro b ro m ic  a c i d ,  
u n l e s s  im m e d ia te ly  n e u t r a l i z e d ,  w ould  r e s u l t  i n  th e  r e l e a s e  o f  t o x i c  
am ounts  o f  HCN. I n i t i a l l y ,  t h e  a d d i t i o n  o f  b a s e  i s  r e q u i r e d  a t  f r e ­
q u e n t  i n t e r v a l s  b u t  a s  t h e  r e a c t i o n  p r o c e e d s  t o  c o m p le t io n  ( i n  15-30  
m in u te s )  l e s s  NaOH i s  n e e d e d .  The r e a c t i o n  i s  c o m p le te  when no more 
b a s e  i s  r e q u i r e d  and no s o l i d  CNBr r e m a in s .  A l a r g e  amount o f  i c e  
was added  t o  t h e  s u s p e n s i o n  and t h e  m i x tu r e  was t r a n s f e r r e d  to  a 
c o a r s e  f r i t t e d  g l a s s  f i l t e r .  The a c t i v a t e d  S e p h a ro s e  was washed 
w i t h  15 -20  column vo lum es o f  t h e  b u f f e r  t h a t  was t o  be  u se d  f o r  c o u p l in g .  
The S e p h a ro s e  was now r e a d y  f o r  c o u p l in g .  T h re e  100 ml a l i q u o t s  
(packed  v o lu m es)  o f  t h e  a c t i v a t e d  S e p h a ro se  w ere  removed t o  s e p a r a t e
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5Q0. ml h e a k e r s  and r e s u s p e n d e d  i n  250 ml o f  c o u p l in g  b u f f e r  c o n t a i n ­
in g  th e  l i g a n d s  t o  be  c o u p le d  ( t y r o s i n e ,  p h e n y l a l a n i n e ,  and n o r -  
l e u c i n e ,  r e s p e c t i v e l y ) .
The s u s p e n s io n s  w ere  g e n t l y  s t i r r e d  ( t o  a v o id  p h y s i c a l  damage 
t o  t h e  S e p h a ro s e  b e a d s )  o v e r n ig h t  a t  4 C. The s l u r r i e s  w ere  th e n  
washed w i th  30 vo lum es o f  c o ld  d e i o n iz e d  w a te r  fo l lo w e d  by w ashes 
w i th  15 vo lum es o f  c o ld  c o u p l in g  b u f f e r  ( 0 .1  M NaHCO^, pH 8 . 5 ) .
P r i o r  t o  c o u p l in g ,  t h e  p a c k e d ,  a c t i v a t e d  S e p h a ro s e  nad a  p a l e  
p i n k i s h  c o l o r  t o  i t .  The l i g a n d  c o n c e n t r a t i o n  was 0 .2  M f o r  e a c h  o f  
t h e  amino a c i d s  u s e d .  T h is  h ig h  l i g a n d  c o n c e n t r a t i o n  r e s u l t e d  i n  a 
h ig h  q u a n t i t y  o f  l i g a n d  c o u p l in g .
Q u a l i t a t i v e  d e t e r m i n a t i o n  o f  l i g a n d  b in d i n g  was done by a s im p le  
c o l o r  t e s t .  S a t u r a t e d  sodium  b o r a t e  s o l u t i o n  ( 1 .0  ml) was added to  
0 .5  ml o f  e i t h e r  t h e  c o u p le d  S e p h a ro s e  o r  u n r e a c t e d  S e p h a ro s e  4B. Two 
d ro p s  o f  a 3% s o l u t i o n  o f  2 , 4 , 6 - t r i n i t r o b e n z e n e s u l f o n a t e  w ere  added .  
A f t e r  2 h o u r s  o f  i n c u b a t i o n  a t  room t e m p e r a t u r e ,  t h e  c o l o r  r e a c t i o n  
was c o m p le te .  The u n r e a c t e d  S e p h a ro s e  was a  p a l e  y e l lo w  c o l o r  w h i l e
t h e  l i g a n d - c o u p l e d  S e p h a ro s e  was y e l lo w  o r  o r a n g e - r e d .  The i n t e n s i t y
o f  t h e  c o l o r  i s  an  i n d i c a t o r  o f  t h e  amount o f  l i g a n d  p r e s e n t .
Each o f  t h e  t h r e e  amino a c i d  h y d ro p h o b ic  column m a t e r i a l s  was
p ack e d  i n  1 x  25 cm g l a s s  co lum ns. The g l a s s  colum ns w ere  e q u i l i b r a t e d
and w ashed w i t h  200 ml o f  0 .0 5  M T r i s - H C l  b u f f e r  (pH 8 .0 )  c o n t a i n i n g  
—  ^10 M L - m a la te  (TM B b u f f e r )  and 35% s a t u r a t e d  w i th  ammonium s u l f a t e .
T hese  co lum ns w ere  a l l  e l u t e d  w i t h  a  35-0% ammonium s u l f a t e  s o l u ­
t i o n  i n  TMB.
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P r e p a r a t i o n  o f  A f f i n i t y  C hrom a tog raphy  Columns
Two t y p e s  o f  a f f i n i t y  l i g a n d s  w ere  em ployed i n  p r e p a r i n g  
co lu m n s ,  b ro m o fu m aric  a c i d  and p y r o m e l l i t i c  a c i d .
The b ro m o fu m aric  a c i d  was p r e p a r e d  a s  d e s c r i b e d  ab o v e .  The 
a f f i n i t y  m a t r i x  was p r e p a r e d  by cyanogen  b rom ide  a c t i v a t i o n  a s  ab o v e ,  
w i t h  some m o d i f i c a t i o n s .  A 100 ml pack ed  volum e o f  S e p h a ro s e  was 
a c t i v a t e d  by th e  a d d i t i o n  o f  100 mg/ml cyanogen  b ro m id e  and t h e  above 
p r o c e d u r e  was f o l l o w e d .  H owever, t h e  i n i t i a l  l i g a n d  c o u p le d  t o  th e  
a c t i v a t e d  S e p h a ro s e  was h ex an e  d ia m in e ,  w h ich  s e r v e s  an  an "arm" to  
move th e  a f f i n i t y  l i g a n d  away from  th e  i n s o l u b l e  s u p p o r t  m a t r i x  th e r e b y  
m aking  t h e  l i g a n d  more a v a i l a b l e  f o r  r e a c t i o n  w i th  enzyme p r o t e i n .  The 
h ex an e  d ia m in e  ( 2 .5  M) was a l lo w e d  t o  r e a c t  w i th  th e  a c t i v a t e d  S e p h a ro se  
o v e r n i g h t  a t  4 C, a f t e r  w h ich  e x c e s s  h ex an e  d ia m in e  was removed by 
w a sh in g  w i t h  100 ml o f  c o ld  c o u p l in g  b u f f e r .  The e x t e n t  o f  s u b s t i t u ­
t i o n  was th e n  d e te r m in e d  by th e  c o l o r  t e s t .  T h i s  "arm ed" S e p h a ro s e  was 
th e n  s u sp e n d e d  i n  200 ml o f  4 M b ro m o fu m aric  a c i d  s o l u t i o n  i n  p h o s p h a te  
b u f f e r  (pH 8 .5 )  and r e a c t e d  i n  t h e  c o ld  o v e r n i g h t  w i t h  s low  s t i r r i n g .
The c o l o r  t e s t  was ru n  on t h e  f i l t e r e d  and w ashed S e p h a ro s e  and a de ­
c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  y e l lo w  c o l o r  was c o n s id e r e d  t o  be an 
i n d i c a t i o n  t h a t  t h e  b ro m o fu m ar ic  a c i d  had become a t t a c h e d  t o  t h e  hexane  
d ia m in e  arm. A s p e c t r o p h o t o m e t r i c  s c a n  o f  t h e  c o u p le d  S e p h a ro se  showed 
h ig h  a b s o r b a n c e  i n  t h e  240 nm r e g i o n ,  s u g g e s t i n g  th e  p r e s e n c e  o f  a 
d o u b le  bond a s  would  be  e x p e c te d  f o r  f u m a r ic  a c i d .  The f u m a r ic  a c id  
S e p h a ro s e  was p ack e d  i n  a  1 x  20 cm g l a s s  column and e q u i l i b r a t e d  w i th
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0 .0 5  M TMB.. E l u t i o n  o f  t h i s  column was done w i t h  g r a d i e n t s  o f  
v a r y i n g  pHs and i o n i c  s t r e n g t h s .
The p y r o m e l l i t i c  a c i d  a f f i n i t y  column was p r e p a r e d  a c c o r d in g  
to  t h e  method o f  Beeckmans and K anarek  (1 9 7 7 ) .  S e p h a ro se  4B (lOOg 
w et w e ig h t )  was w ashed w i t h  d e i o n i z e d  w a t e r .  CNBr (20g) was d i s s o l v e d  
i n  a  m in im a l volum e o f  N ,N -d im e th y l  form am ide and added t o  th e  s u sp e n ­
s i o n  w i th  s t i r r i n g .  The pH was m a in ta in e d  above 11 w i th  6 M NaOH and 
t h e  t e m p e r a t u r e  h e l d  a t  22 C w i t h  i c e .  The r e a c t i o n  was c o n s id e r e d  
c o m p le te  when no more b a s e  was r e q u i r e d .  The m ix tu r e  was th e n  t r a n s ­
f e r r e d  t o  a c o a r s e  f r i t t e d  g l a s s  f i l t e r  and w ashed w i th  400 ml o f  
c o ld  0 .1  M NaHCO^ b u f f e r ,  pH 9 . 5 .  The a c t i v a t e d  S e p h a ro s e  was r e s u s ­
pended  i n  200 ml o f  t h e  same b u f f e r  c o n t a i n i n g  hex an e  d ia m in e  ( 0 .2  M). 
T h i s  s u s p e n s i o n  was s t i r r e d  a t  4 C f o r  30 h o u r s  a t  w h ich  t im e  i t  was 
f i l t e r e d ,  w ashed w i t h  c o ld  w a te r  and r e s u s p e n d e d  i n  300 ml o f  an 
aq u eo u s  s o l u t i o n  o f  p y r o m e l l i t i c  a c i d  (60 mN). To th e  m i x tu r e  was 
added 200 ml o f  50 mM l - c y c l o h e x y l - 3 - ( 2 - m o r p h o l i n e t h y l ) c a r b o d i i m i d e  
s o l u t i o n  i n  w a t e r  o v e r  a  15 m in u te  p e r i o d .  The pH was k e p t  a t  5 .0  
w i t h  1 N HC1. At t h e  end o f  30 m in u te s  w i th  th e  pH c o n t r o l l e d  a t  5 . 0 ,  
2 d r o p s  o f  CCl^ w ere  added  and t h e  s u s p e n s i o n  was g e n t l y  s t i r r e d  f o r  
48 h o u r s  a t  room t e m p e r a t u r e .  The s l u r r y  was th e n  w ashed w i t h  6000 ml 
o f  c o ld  d e i o n i z e d  w a t e r .
A 2 x  20 cm P h a rm a c ia  column was packed  w i t h  t h e  s u b s t i t u t e d  
S e p h a ro s e  and e q u i l i b r a t e d  w i t h  0 .0 5  M TMB. The column was e l u t e d  
w i t h  a  0 - 1 . 0  M L - m a la t e  g r a d i e n t  i n  TMB. A f t e r  two o r  t h r e e  r u n s  w ere
made on t h i s  co lum n, n o n s p e c i f i c  a d s o r p t i o n  o f  p r o t e i n s  l e d  t o  i n ­
e f f i c i e n t  b in d i n g  o f  fu m a ra s e .  T h u s ,  a f t e r  e v e r y  second  r u n ,  th e  
column was w ashed w i t h  500 ml o f  0 .0 5  M d iso d iu m  t e t r a b o r a t e  s o l u ­
t i o n ,  pH 9 . 2 .  T h is  e f f e c t i v e l y  s t r i p p e d  th e  column o f  a l l  p r o t e i n .
The column was w ashed w i t h  10 column vo lum es o f  0 .0 1  M p h o s p h a te  
b u f f e r  (pH 8 .5 )  c o n t a i n i n g  0.05% sodium  a z i d e  when i t  was n o t  t o  be 
used  f o r  some t im e .
P r e p a r a t i o n  o f  DEAE-Sephacel Columns
D E A E-Sephacel, a  b ead e d  c e l l u l o s e  a n io n -e x c h a n g e  medium, was 
p u rc h a s e d  from  P h a rm a c ia .  A q u a n t i t y  s u f f i c i e n t  t o  pack  a  2 x  20 cm 
column was a l lo w e d  t o  e q u i l i b r a t e  w i th  0 .0 5  M T r i s -H C l  b u f f e r  a t  pH 
8 . 0 .  T h i s  s l u r r y  was th e n  p o u red  i n t o  a P h a rm a c ia  2 x  20 cm column.
The column was pack ed  u n d e r  a head  p r e s s u r e  h i g h e r  t h a n  t h a t  a t  
w h ich  i t  w ould  be  ru n  d u r i n g  i t s  wash w i t h  500 ml o f  e q u i l i b r a t i o n  
b u f f e r .  E l u t i o n  o f  t h e  DEAE-Sephacel colum ns was w i th  a  g r a d i e n t  
o f  0 . 0 - 1 . 0  M KC1 i n  0 .0 5  M T r i s - H C l ,  pH 8 . 0 .
P r e p a r a t i o n  o f  G el F i l t r a t i o n  Columns
S e p h a c r u l  S -200 S u p e r f i n e  (150 ml p ack e d  volum e) was e q u i l i b r a t e d  
w i t h  100 ml o f  TMB and t h e  e q u i l i b r a t e d  s l u r r y  was p o u red  i n t o  a  1 .5  x  
90 cm P h a rm a c ia  colum n. The column was th e n  w ashed w i t h  10 column 
vo lum es o f  e q u i l i b r a t i o n  b u f f e r .  E l u t i o n  o f  t h i s  g e l - f i l t r a t i o n  column 
was a l s o  done w i th  e q u i l i b r a t i o n  b u f f e r .
A seco n d  column was p r e p a r e d  f o r  m o le c u la r  s i e v i n g  was made w i th  
S e p h a ro s e  6B-C1. As a b o v e ,  t h e  g e l  (150 ml p ack e d  volum e) was e q u l i -  
b r a t e d  i n  b a t c h  w i t h  100 ml o f  TMB and a 1 .5  x  90 cm column was p ack e d
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w i t h  th e  e q u i l i b r a t e d  s l u r r y .  Ten column volum es o f  e q u i l i b r a t i o n  
b u f f e r  w ere  used  t o  wash th e  column w h ich  was a l s o  e l u t e d  w i th  TMB. 
Column M o n i to r in g
Columns u sed  l a t e r  i n  t h e  e x p e r i m e n t a t i o n ,  i n c l u d i n g  th e  
h y d r o p h o b ic ,  D EA E-Sephacel,  S e p h a c r y l  S -200  S u p e r f i n e ,  p y r o m e l l i t i c  
a c i d ,  S e p h a ro s e  6B-CL colum ns w ere  m o n i to r e d  a t  280 nm w i th  a  LKB 
Model 8300 U v ico rd  I I  u l t r a v i o l e t  column m o n i to r .  I n f o r m a t io n  from 
t h e  d e t e c t o r  was r e c o r d e d  on a  LKB c h o p p e r - b a r  r e c o r d e r .
S u c ro s e  D e n s i t y  G r a d ie n t  C e n t r i f u g a t i o n
The p r o c e d u r e  o f  M a r t in  and Amers (1961) was employed t o  p r e p a r e  
5-20% s u c r o s e  g r a d i e n t s ,  L i n e a r  g r a d i e n t s  w ere  p r e p a r e d  w i t h  0 .0 1  M 
p h o s p h a te  b u f f e r  s o l u t i o n s  t h a t  c o n t a in e d  5 and 20% s u c r o s e  ( w /v ) . 
T h re e  ml g r a d i e n t s  w ere  r u n  i n  a Beckman (Beckman I n s t r u m e n t s ,  P a lo  
A l t o ,  C a l i f . )  SW-65 r o t o r  a t  5 0 ,0 0 0  rpm f o r  5 h o u r s ,  u s in g  c e l l u l o s e  
n i t r a t e  t u b e s .  F o r  p r e p a r a t i v e  r u n s  a Beckman V Ti-50 v e r t i c a l  tu b e  
r o t o r  was u se d  w i t h  35 ml p o ly a l lo m e r  t u b e s  f o r  3 h o u r s  a t  4 8 ,0 0 0  rpm. 
F r a c t i o n s  w ere  c o l l e c t e d  a f t e r  c e n t r i f u g a t i o n  w i t h  a  Beckman F r a c t i o n  
R eco v e ry  System  and t h e  c o l l e c t e d  f r a c t i o n s  w ere  im m e d ia te ly  p la c e d  
i n  an  i c e  b a t h .  The c o l l e c t e d  f r a c t i o n s  w ere  a s s a y e d  f o r  c a t a l a s e  
and fu m a ra se  a c t i v i t y  and f o r  p r o t e i n  c o n c e n t r a t i o n s .
A n a l y t i c a l  P o ly a c r y l a m id e  G el E l e c t r o p h o r e s i s
The m ethod o f  D a v is  (1964) was m o d i f i e d  f o r  u s e  a s  an a n a l y t i c a l  
g e l  t e c h n i q u e .  Sam ples w ere  d i l u t e d  w i t h  40% s u c r o s e  when p r o t e i n  
c o n c e n t r a t i o n  a l lo w e d  and w ere  p la c e d  d i r e c t l y  on t h e  s t a c k i n g  g e l .
Where p r o t e i n  c o n c e n t r a t i o n  was i n s u f f i c i e n t  t o  a l lo w  t h i s ,  t h e  
sam p le s  w ere  p la c e d  d i r e c t l y  on t h e  s t a c k i n g  g e l .  The sam p les  w ere  
o v e r l a i d  w i t h  e l e c t r o d e  b u f f e r .  W hile  tu b e  g e l s  w ere  ru n  e a r l y  in  
t h e  e x p e r i m e n t a t i o n ,  d i s c  s l a b  g e l s  (10 x 200 x 1 .5  mm) w ere  
em ployed l a t e r .  A c o n s t a n t  c u r r e n t  o f  4 m i l l i a m p s  p e r  tu b e  o r  40 
m i l l i a m p s  p e r  s l a b  was p r o v id e d  by e i t h e r  a  Beckman C o n s ta n t  r e g u l a t e d  
power s u p p ly  o r  by a B u c h le r  Model 3-1014A r e g u l a t e d  D.C. power s u p p ly  
A 0.05% s o l u t i o n  o f  b rom opheno l b lu e  was u sed  as  th e  t r a c k i n g  dye in  
a l l  a n a l y t i c a l  g e l s .  A l l  r u n s  w ere  done a t  4 C, e i t h e r  by u s in g  
r e c i r c u l a t e d  c o o l a n t  o r  by ru n n in g  t h e  g e l s  i n  a g l a s s  d o o r  r e f r i g e r a ­
t o r .  Amido b l a c k  was used  a s  t h e  s t a i n i n g  a g e n t  f o r  a n a l y t i c a l  g e l s .  
B oth  s l a b  and tu b e  g e l s  w ere  s t a i n e d  10 m i n u te s .  D e s t a i n i n g  was accom 
p l i s h e d  w i t h  7% a c e t i c  a c i d  s o l u t i o n ;  t h e  s o l u t i o n  b e in g  changed  as  
o f t e n  a s  n eed e d  to  e f f e c t  d e s t a i n i n g .
SDS P o ly a c ry l a m id e  Gel E l e c t r o p h o r e s i s
Sodium d o d e c y l  s u l f a t e  (SDS) g e l s  t o  d e t e r m in e  m in im a l  m o le c u la r  
w e ig h t s  o f  t h e  enzyme w ere  ru n  a c c o r d in g  t o  t h e  p r o c e d u r e  o f  
Laemmli (1 9 7 0 ) .  A S a v a n t  Model SGE 20 e l e c t r o p h o r e s i s  a p p a r a t u s  was 
u sed  f o r  a l l  s l a b  g e l s .  The r e s o l v i n g  g e l s  i n  t h e  p r o c e d u r e  w ere  15%, 
w h i l e  t h e  s t a c k i n g  g e l s  w ere  3%%.
Sam ples and s t a n d a r d s  w ere  d i s s o c i a t e d  i n  a  b u f f e r  s o l u t i o n  w i th  
a  f i n a l  c o n c e n t r a t i o n  o f  0 .0 5  M T r i s - H C l ,  pH 6 . 8 ;  2% SDS; 5% 2 -m er-  
c a p t o e t h a n o l ,  0.001% b rom opheno l b l u e ;  and 5% g l y c e r o l .  S ta n d a rd s  
i n c lu d e d  c h y m o try p s in o g e n ,  c a t a l a s e ,  o v a lb u m in ,  a l d o l a s e ,  and r i b o -
n u c l e a s e .  Sam ples w ere  l a y e r e d  on th e  s t a c k i n g  g e l  and o v e r l a i d  
w i t h  an e l e c t r o d e  b u f f e r  composed o f  0 .0 2 5  M T r i s - H C l ,  pH 9 .3 ;
0 .1 9 2  M g l y c i n e ;  and 1% SDS. The g e l s  w ere  ru n  a t  a  c o n s t a n t  c u r r e n t  
of 40 m i l l i a m p s  p e r  s l a b .  G e ls  w ere  s t a i n e d  w i th  C oom assie  b r i l l i a n t  
b lu e  and d e s t a i n e d  w i th  a m e th a n o l : a c e t i c  a c i d :  w a te r  ( 1 0 :2 0 :7 0 )  
s o l u t i o n .  Rf v a l u e s  o f  t h e  enzyme b an d s  w ere  m easu red  and compared 
t o  t h e  Rf v a l u e s  o f  b an d s  o f  t h e  s t a n d a r d  p r o t e i n s .  T h ese  c o m p ar i­
so n s  w ere  t h e  b a s i s  o f  t h e  m o le c u la r  w e ig h t s  c a l c u l a t e d  from  th e  
enzyme b a n d s .
T h in -L a y e r  C hrom atography
S t a h l  (1969) was u sed  a s  a  g e n e r a l  r e f e r e n c e  f o r  t h e  t h i n - l a y e r  
c h ro m a to g ra p h y  m ethods used  t o  s e p a r a t e  t h e  compounds s t u d i e d .  
M ach e rey -N ag e l  & Co. Po lyg ram  p o ly a m id e  6 c o a te d  p l a s t i c  s h e e t s  
(20 x 20 cm) from  Brinkman I n s t r u m e n t s  (W es tb u ry ,  N .Y .)  w ere  u sed  a s  
t h e  t h i n - l a y e r  a d s o r b e n t .  One y l  s am p le s  o f  0 .0 5  M f u m a r a t e ,  0 .0 5  M 
m a l a t e ,  10 ^ M 2 ,4 -D ,  2 x 10 4 M AMP, and 2 x 10 4 M cAMP and v a r i o u s  
c o m b in a t io n s  o f  t h e s e  w ere  s p o t t e d  on t h e s e  p l a t e s .  The s p o t s  w ere 
d r i e d  w i t h  f a n - f o r c e d  h o t  a i r .  In  t h o s e  c a s e s  w here  t h e  s p o t s  w ere  
t o  be  s u b j e c t e d  t o  e i t h e r  l i q u i d  s c i n t i l l a t i o n  c o u n t in g  o r  a u t o r a d i o ­
g r a p h y ,  L-(U  14C) m a l a t e ,  ( 2 , 3 - ^ C )  f u m a r a t e ,  o r  ( 1 - ^ 4C) 2 ,4 -D  w ere  
u s e d .  The p l a t e s  w ere  ch ro m a to g ra p h e d  i n  i s o p r o p y l e t h e r , p e t ro l e u m  
e t h e r ,  c a rb o n  t e t r a c h l o r i d e ,  f o rm ic  a c i d ,  and w a te r  ( 5 0 : 2 0 : 2 0 : 8 : 1 ) ,  
a  s o l v e n t  u sed  by Knappe and Rohdew alde (1 9 6 5 a ) .  A f t e r  t h e  p l a t e s  
w ere  r u n ,  th e y  w ere  d e v e lo p e d  w i t h  e i t h e r  b r o m c r e s o l  p u r p l e  o r  m e th y l
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y e l lo w .  In  t h o s e  c a s e s  when r a d i o l a b e l l e d  compounds w ere  u s e d ,  th e  
s p o t s  w ere  s c r a p e d  o f f  t h e  p l a t e s  and s u b j e c t e d  t o  l i q u i d  s c i n t i l l a t i o n  
c h ro m a to g rap h y  i f  t h e  p l a t e  was n o t  t o  be  u sed  i n  m aking an a u t o r a d i o ­
g ra p h .  The Rf v a l u e s  o f  t h e  s p o t s  w ere  compared w i t h  t h e  v a l u e s  g iv e n  
i n  t h e  l i t e r a t u r e  (Knappe and R ohdew alde ,  1 9 6 5 b ) .
A u to ra d io g ra p h y
A f t e r  d r y i n g ,  t h e  ch ro m a to g ra p h e d  p l a t e s  w ere  t i g h t l y  w rapped i n  
S a ra n  Wrap. In  t o t a l  d a r k n e s s ,  t h e  w rapped p l a t e  was p l a c e d  i n  d i r e c t  
c o n t a c t  w i th  a  Kodak X-Ray E m uls ion  P l a t e  (Eastm an Kodak C o . , R o c h e s t e r ,  
N .Y .)  and sandw iched  b e tw ee n  two 20 x 20 cm g l a s s  p l a t e s .  T h i s  s a n d ­
w ich  was th e n  p l a c e d  i n  a  l i g h t - p r o o f  b a g ,  c l o s e d ,  and ex p o sed  i n  th e  
d a r k .  A f t e r  5 d a y s  e x p o s u r e ,  t h e  san d w ich  was removed from  t h e  b a g ,  
a g a in  i n  t o t a l  d a r k n e s s ,  and th e  X -ra y  p l a t e  was d e v e lo p e d  a c c o r d in g  
t o  t h e  p r o c e d u r e s  g iv e n  w i t h  t h e  d e v e l o p e r  u s e d .
L iq u id  S c i n t i l l a t i o n  C o u n t in g
A f t e r  c h ro m a to g ra p h y ,  s c r a p i n g s  o f  s u f f i c i e n t  s i z e  t o  e n s u r e  com­
p l e t e  r e c o v e r y  o f  t h e  s p o t s  w ere  rem oved t o  g l a s s  s c i n t i l l a t i o n  v i a l s .  
E i g h t  ml o f  A q u a so l-2  s c i n t i l l a t i o n  c o u n t in g  f l u i d  w ere  added  and th e  
v i a l s  v i g o r o u s l y  s h a k e n .  The v i a l s  w e re  p l a c e d  i n  a  Beckman LSC 200 
l i q u i d  s c i n t i l l a t i o n  c o u n t e r  and c o u n te d  f o r  t e n  m i n u te s .
R a d io c h e m ic a l  Enzyme A ssay s
R a d io c h e m ic a l  enzyme a s s a y s  w ere  ru n  u s in g  l a b e l l e d  s u b s t r a t e s ,  
c ru d e  c e l l u l a r  e x t r a c t ,  p a r t i a l l y  p u r i f i e d  enzym e, and i n  some c a s e s  
AMP. L - ( U ^ C )  m a la t e  was d i l u t e d  w i t h  c o l d  L - m a la te  and ( 2 , 3 ^ 0 )  
f u m a ra te  was d i l u t e d  w i t h  c o l d  f u m a r a te  t o  g i v e  f i n a l  c o u n t s  o f
29
2 0 ,0 0 0  dpm. C rude enzyme and p a r t i a l l y  p u r i f i e d  enzyme w ere  u sed  i n
a s s a y s  on: l a b e l l e d  m a l a t e ,  l a b e l l e d  m a la te  i n  t h e  p r e s e n c e  o f  2 ,4 -D ,
l a b e l l e d  f u m a r a t e ,  l a b e l l e d  fu m a r a te  i n  t h e  p r e s e n c e  o f  2 ,4 -D ,  l a b e l l e d
m a la t e  i n  t h e  p r e s e n c e  o f  2 ,4 -D  and AMP, and l a b e l l e d  f u m a ra te  i n  th e
p r e s e n c e  o f  2 ,4 -D  and AMP. The f i n a l  c o n c e n t r a t i o n s  o f  t h e  com ponents
o f  t h e  a s s a y s  w e re :  L -(U -^C ) m a l a t e ,  0 .0 5  M: ( 2 , 3 ^ C )  f u m a r a t e ,
—40 .0 5  M; 2 ,4 -D ,  10 M; and AMP, 2 x 10 M. The s o l v e n t  was 0 .0 5  M 
p h o s p h a te  b u f f e r ,  pH 7. A l i q u o t s  w ere  removed from  th e  r e a c t i o n  
m i x t u r e s  a t  t im ed  i n t e r v a l s ,  s p o t t e d  on p o ly a m id e  p l a t e s  and th e  
r e a c t i o n  s to p p e d  by d r y in g  th e  s p o t  w i th  h o t  a i r .  The p l a t e s  w ere  
d e v e lo p e d  a s  d e s c r i b e d  above and s c r a p i n g s  o f  s u b s t r a t e  and p r o d u c t  
w ere  s u b j e c t e d  to  l i q u i d  s c i n t i l l a t i o n  c o u n t in g  a s  d e s c r i b e d .
Gas C hro m a to g rap h y
L - m a la t e ,  f u m a r a t e ,  2 ,4 -D ,  and m i x t u r e s  o f  t h e s e  w ere  s i l y l a t e d  
a c c o r d in g  t o  t h e  m ethod o f  Wood e t  a l .  (1 9 6 5 ) .  (1 9 6 5 ) .  A 0 .5  ml 
volum e o f  p y r i d i n e  was added  to  a  l y o p h i l i z e d  a l i q u o t  t o  s o l u b i l i z e  
t h e  sam p le .  T h i s  was f o l lo w e d  by th e  a d d i t i o n  o f  0 . 3  ml o f  h e x a -  
m e t h y l d i s i l a z a n e  and 0 .1  ml o f  t r i m e t h y l c h l o r o s i l a n e .  I f  c l o u d i n e s s  
was a p p a r e n t  a f t e r  t h e  a d d i t i o n  o f  t h e  h e x a m e t h y l d i s i l a z a n e ,  an 
a d d i t i o n a l  0 .1  ml o f  p y r i d i n e  was added to  s o l u b i l i z e  t h e  g e l  b e f o r e  
t h e  t r i m e t h y l c h l o r o s i l a n e  was a d d ed .  The s i l y l a t i o n s  w ere  a l lo w e d  t o  
p ro c e e d  o v e r n i g h t .  The s a m p le s  w ere  c e n t r i f u g e d  a t  1 0 ,0 0 0  rpm f o r  10 
m in u te s  i n  a  S o r v a l l  RC-5B r e f r i g e r a t e d  c e n t r i f u g e .  The s u p e r n a t a n t s  
w ere  rem oved f o r  GC a n a l y s i s .
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Sam ples o f  1 . 0 - 1 . 5  p i  w ere  i n j e c t e d  i n t o  a  P e rk in -E lm e r  3920B 
g a s  c h ro m a to g ra p h  ( P e r k in - E lm e r ,  N orw alk , C o n n . ) .  The GC column 
p a c k in g  was OV-210 (3%) on Chromosorb B, 80 -100  mesh a t  a  column 
t e m p e r a t u r e  o f  220 C. The c a r r i e r  g a s  was h e l iu m  a t  a  f lo w  r a t e  o f  
30 ml p e r  m in u te .
A n a l y t i c a l  U l t r a c e n t r i f u g a t i o n
The m e n is c u s  d e p l e t i o n  s e d i m e n t a t i o n  method o f  Y p h a n t i s  (1964) 
was u sed  t o  d e t e r m in e  th e  m o l e c u la r  w e ig h t  o f  th e  p u r i f i e d  enzyme. 
Sample (0 .1 2  ml) was l a y e r e d  on 0 .0 1  ml FC-43 f l u o r o c a r b o n  o i l  i n  a 
12 mm d o u b le  s e c t o r  c e l l  w i t h  s a p p h i r e  w indow s, t h e  o t h e r  s e c t o r  was 
f i l l e d  w i t h  0 .1 3  ml o f  s o l v e n t  o v e r  0 .0 1  ml FC-43. The c e l l  was 
mounted i n  an "A" o r  "D" r o t o r  w h ich  was i n  t u r n  m ounted i n  a  Beckman 
Model E A n a l y t i c a l  U l t r a c e n t r i f u g e  w i t h  e l e c t r o n i c  sp eed  c o n t r o l .  
C e n t r i f u g a t i o n  was a t  1 6 ,0 0 0  rpm and th e  cham ber t e m p e r a t u r e  was m a in ­
t a i n e d  a t  20 C. R a y le ig h  I n t e r f e r e n c e  F r in g e  O p t i c s  w ere  u s e d .  A 
p h o to g r a p h  was t a k e n  a t  z e r o  t i m e ,  24 h i n t o  t h e  r u n ,  and a t  c o m p le t io n  
o f  t h e  r u n  (34 h ) .
Enzyme P u r i f i c a t i o n
The f i r s t  p a r t s  o f  t h e  enzyme p u r i f i c a t i o n  p r o c e d u r e  w ere  b ased  
on t h e  p r o c e d u r e  p u b l i s h e d  by L a m a r t i n i e r e  e t  ^ 1 .  ( 1 9 7 0 ) .  A t y p i c a l  
ru n  was c o n d u c te d  a s  f o l l o w s .  F o r t y  gram s (wet w e ig h t )  o f  washed c e l l s  
w ere  hom ogenized  i n  200 ml o f  c o ld  0 .0 1  M p h o s p h a te  b u f f e r  (pH 7 .0 )  and 
s o n i c a t e d  f o r  t e n  o n e -m in u te  p e r i o d s  w i th  two m in u te  c o o l i n g  p e r i o d s  
b e tw ee n  s o n i c  im p u ls e s .  A B ranson  Model W-350 S o n i f i e r  (B ranson  U l t r a ­
s o n i c s  C o r p . ,  D an b u ry ,  C onn .)  was u sed  and th e  sam ple  was k e p t  i n  an
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i c e  b a t h  d u r in g  t h e  s o n i c a t i o n .  A f t e r  s o n i c a t i o n  was c o m p le te d ,  
c e l l u l a r  d e b r i s  was removed by c e n t r i f u g a t i o n  a t  3 6 ,0 0 0  x g ( a t  4 C 
f o r  two t h i r t y  m in u te  p e r i o d s ) .  The p r o t e i n  c o n c e n t r a t i o n  o f  t h i s  
c ru d e  c e l l  e x t r a c t  was d e te rm in e d  by t h e  m ethod o f  W arburg and
C h r i s t i a n  (1942) and was a d j u s t e d  t o  15 mg/ml w i t h  c o ld  s o n i c a t i o n
b u f f e r .  A 1% p ro ta m in e  s u l f a t e  s o l u t i o n  ( i n  0 .0 1  M p h o s p h a te  b u f f e r ,  
pH 7 .0 )  was added d ro p w is e  w i th  s t i r r i n g  (4 ml p r o ta m in e  s u l f a t e  p e r  
10 ml o f  a d j u s t e d  c ru d e  e x t r a c t )  i n  t h e  c o l d .  One h o u r  a f t e r  t h e  
a d d i t i o n ,  t h e  p r e c i p i t a t e d  n u c l e i c  a c i d s  w ere  s e d im e n te d  a t  3 6 ,0 0 0  
x g . S u f f i c i e n t  s o l i d  ammonium s u l f a t e  was added t o  t h e  s u p e r n a t a n t  
f l u i d  t o  a c h i e v e  35% s a t u r a t i o n .  P r o t e i n  was a l lo w e d  t o  p r e c i p i t a t e  
f o r  1 h o u r ,  a t  w h ich  t im e  t h e  p r e c i p i t a t e  was c o l l e c t e d  a s  a b o v e .  The 
r e s u l t i n g  s o l u t i o n  was t r e a t e d  w i t h  s o l i d  ammonium s u l f a t e  t o  a  f i n a l  
c o n c e n t r a t i o n  o f  50% s a t u r a t i o n .  A g a in ,  p r o t e i n  was a l lo w e d  t o  p r e c i ­
p i t a t e  f o r  1 h o u r  and was c o l l e c t e d  a s  a b o v e .  T h i s  35-50% p r e c i p i t a t e  
was s o l u b i l i z e d  i n  a  m in im a l  volum e o f  0 .0 5  M T r i s - H C l  b u f f e r  (pH 8 .0 )
_3
c o n t a i n i n g  10 M L - m a la t e  (TNB) and d i a l y z e d  a g a i n s t  two ch a n g e s  o f  
t h e  same b u f f e r  f o r  f i v e  h o u r s .
The d i a l y z e d  enzyme was th e n  s u b j e c t e d  t o  t h e  v a r i o u s  t e c h n iq u e s
d i s c u s s e d  e a r l i e r  i n  t h i s  s e c t i o n .  To o b t a i n  p u r i f i e d  enzym e, t h e  
d i a l y z e d  35-50% p r e c i p i t a t e  was a p p l i e d  t o  t h e  to p  o f  a  p y r o m e l l i t i c  
a c i d  a f f i n i t y  colum n. P r o t e i n s  w h ich  d id  n o t  b in d  t o  t h e  column w ere  
e l u t e d  w i th  150 ml o f  0 .0 5  M T r i s - H C l  b u f f e r ,  pH 8 . 0 .  The column was 
e l u t e d  w i th  a  0 . 0 - 1 . 0  M L - m a la te  i n  0 .0 5  M T r i s - H C l  b u f f e r ,  pH 8 .0 .
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Ten ml f r a c t i o n s  w ere  c o l l e c t e d  w i t h  a  G i l s o n  FC-100 f r a c t i o n  c o l l e c t o r  
( G i l s o n  M e d ic a l  E l e c t r o n i c s ,  M id d le to n ,  W i . ) .  The f r a c t i o n s  w ere  
a n a ly z e d  f o r  p r o t e i n  c o n c e n t r a t i o n  and enzyme a c t i v i t y  a s  d e s c r i b e d .  
Those  f r a c t i o n s  w i t h  a  s p e c i f i c  a c t i v i t y  o f  500 u n i t s  p e r  mg o r  g r e a t e r  
w ere  p o o le d .  An ammonium s u l f a t e  f r a c t i o n a t i o n  was done and th e  p r o ­
t e i n  p r e c i p i t a t i n g  b e tw ee n  30 and 60% s a t u r a t i o n  was c o l l e c t e d .  T h is  
p r o t e i n  was d i a l y z e d  f o r  two h o u r s  a g a i n s t  0 .0 5  M TMB. A f t e r  t h i s  
d i a l y s i s ,  t h e  p r o t e i n  was d i l u t e d  1 :2  w i th  d i a l y s i s  b u f f e r  and lo a d e d  
o n to  an e q u i l i b r a t e d  DEAE-Sephacel colum n. The column was washed w i th  
100 ml o f  s t a r t i n g  b u f f e r  and e l u t e d  w i t h  a  g r a d i e n t  o f  0 . 0 - 4 . 0  M KC1 
i n  s t a r t i n g  b u f f e r .  Tem ml f r a c t i o n s  w ere  c o l l e c t e d  a s  n o te d  above 
and a s s a y e d .  F r a c t i o n s  w i th  a s p e c i f i c  a c t i v i t y  g r e a t e r  th a n  3 ,0 0 0  
u n i t s  p e r  mg w ere  p o o le d .  A n o th e r  ammonium s u l f a t e  f r a c t i o n a t i o n  was 
done  and t h e  p r e c i p i t a t e  o f  t h e  30-60% c u t  was h a r v e s t e d  and r e s o l u ­
b i l i z e d  i n  s t a r t i n g  b u f f e r .  Two ml o f  t h i s  s o l u t i o n  was l a y e r e d  on a 
3 3 .5  ml 5-20% s u c r o s e  g r a d i e n t  i n  a  p o ly a l lo m e r  t u b e .  The t u b e s  w ere  
capped  and lo a d e d  i n t o  a Beckman B T i-50  v e r t i c a l  tu b e  r o t o r .  C e n t r i ­
f u g a t i o n  was done a t  4 8 ,0 0 0  rpm f o r  2% h o u r s .  F r a c t i o n s  w ere  a s s a y e d  
f o r  enzyme a c t i v i t y  and p r o t e i n  c o n c e n t r a t i o n  and th e n  s u b j e c t e d  t o  
a n a l y t i c a l  g e l  e l e c t r o p h o r e s i s ,  SDS g e l  e l e c t r o p h o r e s i s ,  and a n a l y t i c a l  
u l t r a c e n t r i f u g a t i o n .
RESULTS AND DISCUSSION
E a r l i e r  work i n d i c a t e d  t h a t  fu m a ra se  may hav e  been  i n h i b i t e d  
by 2 ,4 -D  (1 9 6 7 ) .  I f  t h i s  w ere  t r u e ,  e i t h e r  o f  two m echanism s c o u ld  
have  a c c o u n te d  f o r  t h i s  i n h i b i t i o n :  o n e ,  i n h i b i t i o n  o f  th e  enzyme
by 2 ,4 -D  and tw o, i n h i b i t i o n  o f  t h e  enzyme by th e  p r o d u c t  r e s u l t i n g  
from  an i n t e r a c t i o n  b e tw ee n  s u b s t r a t e  m o le c u le s  o f  m a la te  o r  f u m a r a te ,
2 ,4 -D ,  and p o s s i b l y  an  e f f e c t o r  o f  th e  enzyme, AMP.
One method o f  d e t e r m in i n g  w h e th e r  any i n t e r a c t i o n  o c c u r r e d  be tw een  
t h e  compounds was by s t u d y i n g  t h e  s p e c t r o p h o t o m e t r i c  a b s o r p t i o n  s p e c t r a  
o f  t h e  compounds a lo n e  o r  i n  v a r i o u s  c o m b in a t io n s .  F ig u r e  2 shows th e  
s p e c t r a  o b t a i n e d .  I t  may be  n o te d  t h a t  t h e  compounds a b s o rb  s t r o n g l y  
a t  t h e  lo w e r  w a v e le n g th s  and t h a t  t h e  s p e c t r a  o f  m i x tu r e s  o f  t h e  com­
pounds  i n  q u e s t i o n  o v e r l a p  o r  a r e  i d e n t i c a l  t o  t h e  p a r e n t  compounds.
T hese  s p e c t r a  w ere  done a t  t h e  c o n c e n t r a t i o n s  u se d  i n  H a r t ’ s (1967) 
s tu d y  and i t  i s  im p o s s ib l e  t o  d e t e r m in e  i f  any s o r t  o f  i n t e r a c t i o n  o r  
com plex  f o r m a t io n  d id  o c c u r .  The enzyme a s s a y s  done e a r l i e r  u se d  th e  
a s s a y  method o f  R ack e r  (1950) i n  w h ich  f u m a ra te  i s  u se d  a s  t h e  s u b s t r a t e .  
T h i s  a s s a y  i s  c o n d u c te d  a t  244 nm, i n  t h e  r e g i o n  o f  h ig h  a b s o rb a n c e  
shown i n  F ig u r e  2 . A t te m p ts  t o  r e p e a t  t h e s e  a s s a y s  w ere  u n s u c c e s s f u l ,  
a p p a r e n t l y  due t o  t h e  s p e c t r o p h o t o m e t r i c  i n t e r f e r e n c e  in v o lv e d  w i th  
t h e s e  a s s a y s .
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F ig .  2. S p e c t r o p h o t o m e t r i c  s c a n s  o f  f u m a r a t e ,  m a l a t e ,  2 ,4 -D ,  
AMP, and m i x tu r e s  o f  t h e s e  coiiipounds. -©- , m a l a t e ,
AMP i n  p h o s p h a te  b u f f e r ;  , m a l a t e ,  AMP, 2 ,4 -D  in
p h o s p h a te  b u f f e r ;  , m a l a t e ,  2 ,4 -D  i n  p h o s p h a te
b u f f e r ; - A - ,  f u m a r a t e ,  2 ,4 -D  i n  p h o s p h a te  b u f f e r ;
-® - , f u m a r a t e ,  2 ,4 -D ,  AMP i n  p h o s p h a te  b u f f e r .
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ABSORBANCE UNITS
I
X
9£
I t  was th o u g h t  t h a t  s i n c e  s p e c t r o p h o t o m e t r i c  m ethods f a i l e d  to  
r e v e a l  any i n t e r a c t i o n ,  g as  ch ro m a to g rap h y  (GC) c o u ld  p r o v id e  an 
answ er  ‘t o  th e  p o s s i b i l i t y  of com plex f o r m a t io n .  The F i g u r e s  3-6 
show t h e  r e s u l t s  th e  o f  th e  GC a n a l y s i s .  F ig u r e  3 i s  a c o m p o s i te  of 
t h r e e  s e p a r a t e  ru n s  and shows th e  l o c a t i o n  o f  f u m a r a t e ,  m a la t e ,  and
2 ,4 -D  a s  th e y  e l u t e  from  th e  GC colum n. A p p a r e n t ly  2 ,4 -D  does  n o t  
s i l y l a t e  w e l l ,  t h u s  th e  s m a l l  p e a k .  F ig u r e  4 shows th e  GC d a t a  from 
a s i l y l a t e d  m ix tu r e  o f  2 ,4 -D  and m a la t e .  Only th e  m a la te  peak  and a 
s m a l l  2 ,4 -D  peak  a r e  a p p a r e n t .  S i m i l a r l y ,  th e  r e s u l t s  o f  s i l y l a t i n g  
a m ix tu r e  o f  f u m a ra te  and 2 ,4 -D  (F ig .  5) show o n ly  t h e  fu m a ra te  and 
s m a l l  2 ,4 -D  p e a k s .  A s i l y l a t e d  m ix tu r e  o f  2 ,4 -D ,  m a l a t e ,  and fu m a ra t  
was a n a ly z e d  and th e  r e s u l t s ,  shown i n  F ig u r e  6 a p p e a r  v e r y  s i m i l a r  
t o  th e  c o m p o s i te  i n  F ig u r e  3. The a p p a r e n t  a b s e n c e  o f  any compound 
o t h e r  th a n  th e  s t a n d a r d s  i n d i c a t e d  no i n t e r a c t i o n  be tw een  2 ,4 -D  and 
th e  s u b s t r a t e s .  H owever, t h e  v e r y  s m a l l  p e a k s  o b s e rv e d  f o r  2 ,4 -D  
c o u ld  mask any o f  t h e  presum ed e f f e c t s .  S in c e  2 ,4 -D  s i l y l a t e d  p o o r ly  
i t  i s  l o g i c a l  t o  assume t h a t  any com ples  formed m ig h t a l s o  s i l y l a t e  
p o o r ly  and re m a in  u n d e t e c t e d  by GC a n a l y s i s .  A f u r t h e r  a t t e m p t  to  
d e t e c t  s u b s t r a t e  and 2 ,4 -D  i n t e r a c t i o n  was done by t h i n - l a y e r  chroma­
t o g r a p h i c  t e c h n i q u e s .  E m p i r i c a l  m ethods w ere  used  t o  d e te r m in e  th e  
b e s t  s o l v e n t s  and s u p p o r t s  among th o s e  r e p o r t e d  i n  th e  l i t e r a t u r e .  
P o ly am id e  p l a t e s  w ere  s p o t t e d  and d e v e lo p e d  a s  d e s c r i b e d  in  m a t e r i a l s  
and m e th o d s .  F ig u r e  7 i s  a p h o to g ra p h  o f  a p l a t e  d e v e lo p e d  w i th  
b ro m o c re s o l  p u r p l e .  S po t number 1 i s  0 .0 5  M m a l a t e ,  number 2 i s  0 .0 5  
M f u m a r a t e ,  number 3 i s  0 .0 5  M 2 ,4 -D .  S p o ts  numbered 4 ,  5 ,  and 6 a r e
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F ig .  3. C om posite  t r a c i n g  o f  GC d a t a  of s i l y l a t e d  f u m a r a te ,  
m a l a t e ,  and 2 ,4 -D .  1 s t  p eak ;  s o l v e n t ;  2nd p e a k ;  
f u m a r a te ,  3 rd  p eak ;  m a l a t e ,  4 th  p e a k ;  2 ,4 -D .  I n j e c t i o n  
a t  a r ro w  ( z e r o  t i m e ) .
RELATIVE PEAK HEBHT
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F i g .  4. GC d a t a  o f  s i l y l a t e d  m i x t u r e  o f  m a l a t e  and 2 ,4 -D .  
1 s t  peak ;  s o l v e n t ,  2nd peak ;  m a l a t e ,  3 rd  peak ;
2,4-D,, I n j e c t i o n  a t  a r row  ( z e r o  t i m e ) .
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RELATIVE PEAK HEIGHT
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F i g .  5. GC d a t a  o f  s i l y l a t e d  m i x t u r e  o f  f u m a r a t e  and 2 ,4 -D .  
1 s t  p eak ;  s o l v e n t ,  2nd peak ;  f u m a r a t e ,  3rd peak ;
2 ,4 -D .  I n j e c t i o n  a t  a r ro w  ( z e r o  t i m e ) .
RELATIVE PEAK HEIGHT
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F i g .  6 .  GC d a t a  o f  s i l y l a t e d  m i x t u r e  o f  m a l a t e ,  f u m a r a t e ,  and
2 ,4 -D .  1 s t  peak ;  s o l v e n t ;  2nd peak ;  f u m a r a t e ,  3 rd  peak ;  
m a l a t e ,  4 t h  peak ;  2 ,4 -D .  I n j e c t i o n  a t  a r r o w  ( z e r o  t i m e ) .
TIME 
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F i g .  7. P h o to g r a p h  of  m a l a t e ,  f u m a r a t e ,  and 2 ,4 -D  ch ro m a to ­
g rap h ed  on a p o ly a m id e  p l a t e .  Sample:  1,  m a l a t e ;
2,  f u m a r a t e ;  3,  2 ,4 -D ;  4 ,  m a l a t e ,  f u m a r a t e  m i x t u r e ;
5 ,  m a l a t e ,  2 ,4 -D  m i x t u r e ;  6 ,  f u m a r a t e ,  2 ,4 -D  m i x t u r e ;  
7,  m a l a t e ,  f u m a r a t e ,  2 ,4 -D  m i x t u r e .
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m i x t u r e s  o f :  0 .0 5  M f u m a r a t e  and 0 . 0 5  M m a l a t e ,  0 .0 5  M m a l a t e  and 
0 .0 5  M 2 , 4 - D ,  and 0 . 0 5  M f u m a r a t e  and 0 . 0 5  M 2 , 4 - D ,  r e s p e c t i v e l y .
A m i x t u r e  of  0 .0 3 3  M m a l a t e ,  0 . 0 3 3  M 2 ,4 -D  was s p o t t e d  i n  p o s i t i o n  
number 7.  The o n ly  s p o t s  e v i d e n t  a r e  t h o s e  of  t h e  p a r e n t  compounds.
No e v i d e n c e  o f  any i n t e r a c t i o n  or  complex  f o r m a t i o n  can  be s e e n .
M ethy l  y e l l o w  s t a i n  was u sed  t o  s t a i n  some p l a t e s  i n  c a s e  a complex 
m igh t  n o t  s t a i n  w i t h  b r o m c r e s o l  p u r p l e .  M ethy l  y e l l o w  i s  s p e c i f i c  f o r  
c h l o r i n a t e d  h y d r o c a r b o n s  and a l s o  h a s  l i m i t e d  a b i l i t y  t o  a c t  a s  an 
a c i d - b a s e  i n d i c a t o r .  A g a in ,  no s p o t s  o t h e r  th a n  t h o s e  f o r  compounds 
i n  t h e  o r i g i n a l  r e a c t i o n  m i x t u r e s  were  o b s e r v e d  ( d a t a  n o t  s h o w n ) . 
U n f o r t u n a t e l y ,  t h e  m e th y l  y e l l o w  s t a i n  o f  p o ly a m id e  p l a t e s  was i n c o n ­
s i s t e n t  a t  b e s t  and t h u s  r a d i o l a b e l l e d  s u b s t r a t e s  were employed to  
d e t e r m i n e  w h e th e r  any i n t e r a c t i o n  o r  complex f o r m a t i o n  o c c u r r e d .
F i g u r e  8 i s  a p h o t o g r a p h  of  an a u t o r a d i o g r a m  made of  a po ly a m id e  p l a t e  
w i t h  th e  r a d i o l a b e l l e d  compounds.  The f i r s t  s p o t  i s  r a d i o l a b e l l e d  
m a l a t e  and r a d i o l a b e l l e d  f u m a r a t e .  M a l a t e ,  i n  t h e  s o l v e n t  s y s t e m  
em ployed ,  r e m a in s  n e a r  t h e  o r i g i n .  R a d i o l a b e l l e d  m a l a t e  was ch ro m a to ­
g ra p h e d  i n  p o s i t i o n  number 2. R a d i o l a b e l l e d  f u m a r a t e  a l o n e  was c h r o ­
m a to g rap h ed  i n  p o s i t i o n  3. A m i x t u r e  o f  c o l d  f u m a r a t e  and r a d i o l a b e l l e d
2 ,4 -D  was ch ro m a to g ra p h e d  i n  t h e  f o u r t h  p o s i t i o n .  In  t h e  f i f t h  p o s i t i o n ,  
a m i x t u r e  of  r a d i o l a b e l l e d  2 ,4 -D  and co ld  m a l a t e  was c h ro m a to g ra p h e d .
Cold m a l a t e ,  c o l d  f u m a r a t e ,  and r a d i o l a b e l l e d  2 ,4 -D  were  ch rom a to g rap h ed  
i n  p o s i t i o n  6.  U n l a b e l l e d  compounds were  c h r o m a to g ra p h e d  a s  a c o n t r o l  
and s t a i n e d  w i t h  b r o m o c r e s o l  p u r p l e .
P h o to g r a p h  o f  a u t o r a d i o g r a p h  o f  l a b e l l e d  m a l a t e ,  fuma­
r a t e ,  2 ,4 -D ,  and m i x t u r e s  o f  t h e s e  compounds ch ro m a to ­
g ra p h e d  on p o ly a m id e  p l a t e s .  Sample 1 ,  c o l d  m a l a t e  and 
l a b e l l e d  2 ,4 -D ;  2 ,  c o l d  f u m a r a t e  and l a b e l l e d  2 ,4 -D ;  3,
l a b e l l e d  2 ,4 -D ;  4 ,  l a b e l l e d  f u m a r a t e  and c o l d  2 ,4 -D ;  5,
l a b e l l e d  m a l a t e  and c o l d  2 ,4 -D ;  6 ,  l a b e l l e d  m a l a t e ,  
l a b e l l e d  f u m a r a t e ,  and c o l d  2 ,4 -D ;  7 ,  c o l d  m a l a t e ,  c o l d
f u m a r a t e ,  and c o l d  2 ,4 -D  c o n t r o l s .
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F i g .  9 L i q u i d  s c i n t i l l a t i o n  c o u n t i n g  d a t a  com par ing  l a b e l l e d  
m a l a t e  and a m i x t u r e  o f  l a b e l l e d  m a l a t e  and c o l d  2 ,4 -D .  
EH , l a b e l l e d  m a l a t e ;  , l a b e l l e d  m a l a t e  and c o ld
2 ,4 -D .
(W
9)
NI
9I
M
0 
Wf
OM
d 
33
N
¥J
.S
IQ
51
C P M  * JO" 3
52
F i g .  10.  L i q u i d  s c i n t i l l a t i o n  c o u n t i n g  d a t a  com par ing  l a b e l l e d  
f u m a r a t e  and a m i x t u r e  o f  l a b e l l e d  f u m a r a t e  and c o ld
2 ,4 -D .  A , l a b e l l e d  f u m a r a t e ;  I—1 , l a b e l l e d  f u m a r a t e  
and c o ld  2 ,4 -D .
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DISTANCE FROM ORIGIN (cm)
While t h e  a u t o r a d i o g r a m  was d e v e l o p i n g ,  s p o t s  s c r a p e d  from a 
s i m i l a r  p l a t e  were  a n a l y z e d  by l i q u i d  s c i n t i l l a t i o n  c o u n t i n g .  F i g ­
u r e s  9 -11  a r e  t h e  r e s u l t s  of t h e s e  e x p e r i m e n t s .  F i g u r e  9 i s  a com­
p a r i s o n  of  t h e  p o s i t i o n s  o f  l a b e l l e d  m a l a t e  a l o n e  and l a b e l l e d  
m a l a t e  and c o ld  2 ,4 -D .  S i m i l a r l y ,  i n  F i g u r e  10 ,  t h e  c h r o m a t o g r a p h i c  
b e h a v i o r  of  l a b e l l e d  f u m a r a t e  i s  compared t o  t h a t  of  a  m i x t u r e  of 
l a b e l l e d  f u m a r a t e  and c o l d  2 ,4 -D .  A c o m p a r i s o n  o f  t h e  R f ' s o f  
l a b e l l e d  2 ,4 -D  a l o n e ,  l a b e l l e d  2 ,4 -D  and c o l d  m a l a t e ,  and l a b e l l e d
2 ,4 -D  and c o ld  f u m a r a t e  a r e  shown i n  F i g u r e  11. I t  i s  a p p a r e n t  
from t h e  r e s u l t s  o f  t h e  s t u d i e s  u s i n g  r a d i o l a b e l l e d  compounds t h a t  
t h e r e  i s  no i n t e r a c t i o n  be tw een  2 ,4 -D  and e i t h e r  of  t h e  two s u b s t r a t e s  
T hus ,  any i n h i b i t i o n  o f  f u m a r a s e  a c t i v i t y  would have  t o  be t h e  r e s u l t  
of  t h e  h e r b i c i d e  i n t e r a c t i n g  d i r e c t l y  w i t h  t h e  enzyme.
S in c e  s p e c t r o p h o t o m e t r i c  methods  o f  a s s a y  p roved  g e n e r a l l y  un­
s a t i s f a c t o r y  i n  t h o s e  enzyme a s s a y s  w i t h  2 ,4 -D  p r e s e n t ,  i t  was d e c i d e d  
t o  use  r a d i o c h e m i c a l  enzyme a s s a y s  t o  d e t e r m i n e  w h e th e r  2 ,4 -D  a c t u a l l y  
a c t e d  as  an i n h i b i t o r  of  t h e  enzyme. The r e s u l t s  of  t h e s e  e x p e r i m e n t s  
i n  which  l a b e l l e d  s u b s t r a t e s  were  c o n v e r t e d  t o  l a b e l l e d  p r o d u c t s  w i t h  
and w i t h o u t  2 ,4 -D  p r e s e n t ,  a r e  shown i n  F i g u r e s  1 2 -1 5 .
The f i r s t ,  F i g u r e  12 ,  shows t h e  r e s u l t s  when c ru d e  enzyme ( s p e c i ­
f i c  a c t i v i t y ;  157 u n i t s / m g )  p r e p a r e d  by t h e  method o f  L a m a r t i n i e r e  
e t  a l . (1970) was i n c u b a t e d  w i t h  l a b e l l e d  m a l a t e  a s  t h e  s u b s t r a t e ,  
w i t h  o r  w i t h o u t  2 ,4 -D .  I t  can  be s e e n  t h a t  t h e  c u rv e  f o r  t h e  r e a c t i o n  
c a r r i e d  ou t  i n  t h e  p r e s e n c e  o f  2 ,4 -D  i s  i d e n t i c a l  t o  t h e  c u r v e  f o r  t h e
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F i g .  11.  L i q u id  s c i n t i l l a t i o n  c o u n t i n g  d a t a  com par ing  l a b e l l e d
2 .4 -D  and m i x t u r e s  of  l a b e l l e d  2 ,4 -D  and c o l d  m a l a t e
and a l s o  l a b e l l e d  2 ,4 -D  and c o ld  f u m a r a t e .  Q  , l a b e l l e d
2 .4 -D ;  /S , labelled 2 ,4 -D  and cold malate; O  labelled
2 .4-D  and c o l d  f u m a r a t e .
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F i g .  12. R a d i o c h e m i c a l  enzyme a s s a y  w i t h  r a d i o l a b e l l e d  m a l a t e  
a s  s u b s t r a t e .  Enzyme used  had a s p e c i f i c  a c t i v i t y  of  
157 u n i t s  p e r  mg. , w i t h  10~^ M 2 ,4 -D ;  Q  , w i t h ­
o u t  2 ,4 -D .
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F i g .  13. R a d i o c h e m i c a l  enzyme a s s a y  w i t h  r a d i o l a b e l l e d  f u m a r a t e  
a s  s u b s t r a t e .  ^  , w i t h  10~3 M 2 ,4 -D ;  Q  , w i t h o u t
2 ,4 -D .  Enzyme used  had a s p e c i f i c  a c t i v i t y  o f  157 
u n i t s  p e r  mg.
%  CONVERSION OF LABEL
5 _
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F ig .  14.  R a d i o c h e m i c a l  enzyme a s s a y  w i t h  r a d i o l a b e l l e d  m a l a t e  as
s u b s t r a t e .  Enzyme used  had a s p e c i f i c  a c t i v i t y  of  28 ,000  
u n i t s  p e r  mg. , w i t h  lO- ^ M 2 ,4 -D ;  [H , w i t h o u t
2 ,4 -D .  2 x 10~4 M AMP was added  t o  b o t h  r e a c t i o n  m i x t u r e s .
% CONVERSION OF LABEL
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F ig .  15.  R a d i o c h e m i c a l  enzyme a s s a y  w i t h  r a d i o l a b e l l e d  f u m a r a t e  
a s  s u b s t r a t e .  Enzyme used  had a s p e c i f i c  a c t i v i t y  of  
2 8 ,000  u n i t s  p e r  mg. , w i t h  10“ 3 M 2 , 4 -D ;  □
w i t h o u t  2 ,4 -D .  2 x 10- ^ M AMP was added t o  b o t h  r e a c t i o n
m i x t u r e s .
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r e a c t i o n  when 2 ,4 -D  i s  o m i t t e d  from t h e  r e a c t i o n  m i x t u r e .  The p o i n t s  
i n  t h e  l a t e r  m i n u t e s  o f  t h e  g r a p h  do n o t  conform a s  c l o s e l y  t o  t h e  
cu rv e  a s  do t h o s e  of  e a r l i e r  sample  t i m e s  b u t  t h i s  may have  been  due 
t o  a d d i t i o n a l  r a d i o a c t i v i t y  p i c k e d  up from po ly a m id e  s c r a p i n g s  
l o o s e n e d  d u r i n g  r em o v a l  of  t h e  e a r l i e r  s p o t s .
The r e s u l t s  of  t h e  r e v e r s e  r e a c t i o n ,  l a b e l l e d  f u m a r a t e  c o n v e r t e d  
t o  l a b e l l e d  m a l a t e ,  can  be s een  i n  F i g u r e  13.  Again  t h e  c u rv e  i n  
which  2 ,4 -D  was i n c o r p o r a t e d  i n t o  t h e  r e a c t i o n  m i x t u r e  i s  i d e n t i c a l  
t o  t h e  c u r v e  o b t a i n e d  when 2 ,4 -D  was o m i t t e d .  The sample a t  6 m i n u te s  
was l o s t  ( s e e  b e lo w ) .
F i g u r e  14 shows t h e  r e s u l t s  from an e x p e r i m e n t  when enzyme w i t h  
a s p e c i f i c  a c t i v i t y  o f  2 8 ,0 0 0  u n i t s / m g  (90% p u r e ,  b a s e d  on l i t e r a t u r e  
v a l u e s )  was i n c u b a t e d  w i t h  l a b e l l e d  m a l a t e  a s  t h e  s u b s t r a t e .  AMP 
was added t o  t h e  r e a c t i o n  m i x t u r e  s i n c e  H a r t  (1967) i n d i c a t e d  t h a t  
p a r t i a l l y  p u r i f i e d  enzyme was u n e f f e c t e d  by 2 ,4 -D  u n l e s s  t h i s  n u c l e o ­
t i d e  was p r e s e n t .  The two c u r v e s ,  2 ,4 -D  p r e s e n t  o r  a b s e n t ,  a r e  e s s e n ­
t i a l l y  i d e n t i c a l .
The same e x p e r i m e n t a l  p r o t o c o l  was used  t o  o b t a i n  t h e  r e s u l t s  
shown i n  F i g u r e  15 w i t h  t h e  e x c e p t i o n  t h a t  l a b e l l e d  f u m a r a t e  was used  
as  t h e  s u b s t r a t e .  T h e re  i s  no o b v io u s  d i f f e r e n c e  i n  t h e  two c u r v e s .
I t  may be n o t e d  t h a t  t h e r e  a r e  some d a t a  p o i n t s  m i s s i n g  from t h e  c u rv e  
f o r  t h e  r e a c t i o n  which  i n c l u d e d  2 ,4 -D .  The s am ple s  were c o l l e c t e d  f o r  
l i q u i d  s c i n t i l l a t i o n  c o u n t i n g  by s c r a p i n g  t h e  po ly a m id e  s u p p o r t  medium 
from i t s  p l a s t i c  b a c k i n g .  The p r o c e d u r e  g e n e r a t e s  l a r g e  amounts o f
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s t a t i c  e l e c t r i c i t y  which  can  r e s u l t  i n  t h e  d i s p e r s a l  o f  t h e  p o ly a m id e  
m a t e r i a l .  T h i s  was n o t e d  f o r  t h o s e  sam p le s  a t  4%, 5 ,  and 6 m i n u t e s  so 
t h e  v a l u e s  o b t a i n e d  were n o t  p l o t t e d .  T h i s  l o s s  of  po ly a m id e  was p r o b ­
a b l y  r e s p o n s i b l e  f o r  t h e  low v a l u e  s e e n  a t  2^ m i n u t e s  a s  w e l l  a s  t h e  
sample number 6 l o s t  a s  shown i n  F i g u r e  13.
The l a c k  of  any a l t e r a t i o n  o f  t h e  enzyme a c t i v i t y  c u r v e s  by 2 ,4 -D ,  
r e g a r d l e s s  of  t h e  s u b s t r a t e  u s e d ,  s t r o n g l y  s u g g e s t e d  t h a t  2 ,4 -D  does  
n o t  a c t  as  an i n h i b i t o r  of  f u m a r a s e .  T h i s  l a c k  o f  i n h i b i t i o n  makes t h e  
r e s u l t s  of  H a r t ' s  work (1967) d i f f i c u l t  t o  i n t e r p r e t  b u t  some p o s s i ­
b i l i t i e s  s u g g e s t  t h e m s e l v e s .  I t  i s  p o s s i b l e  t h a t  t h e  o rg a n i s m  in  
q u e s t i o n ,  Pseudomonas p u t i d a , h a s  m u t a t e d  i n  su ch  a way t h a t  t h e  
m u ta te d  i n  such  a way t h a t  t h e  enzyme i s  no l o n g e r  s u s c e p t i b l e  t o  t h e  
a c t i o n  of  t h e  h e r b i c i d e .  I f  t h i s  m u t a t i o n  h a s  o c c u r r e d ,  i t  would be 
i m p o s s i b l e  t o  d e t e c t .
An a l t e r n a t i v e  e x p l a n a t i o n  comes as  t h e  r e s u l t  o f  i n h i b i t i o n  
s t u d i e s  p e r fo rm e d  on swine h e a r t  f u m a r a s e .  I t  h a s  lo n g  been  known 
t h a t  p h o s p h a t e  a c t s  as  a c o m p e t i t i v e  i n h i b i t o r  o f  f u m a ra s e  and P enner  
and Cohen (1969) d e m o n s t r a t e d  t h a t  n u c l e o t i d e  t r i p h o s p h a t e s  a r e  i n ­
h i b i t o r y ,  a p p a r e n t l y  due t o  t h e  p h o s p h a t e  g r o u p s  a t t a c h e d .  The 
p o s s i t i l i t y  e x i s t s  t h a t  t h e  AMP used  i n  H a r t ' s  a s s a y s  was c o n t a m i n a t e d  
w i t h  s u f f i c i e n t  q u a n t i t i e s  o f  ATP t o  g i v e  t h e  i n h i b i t i o n  o b s e r v e d .
T h i s  p o s s i b i l i t y  does  n o t  f u l l y  e x p l a i n  t h e  i n h i b i t i o n  o f  2 ,4 -D  r e p o r ­
t e d  on t h e  c r u d e  e x t r a c t  enzyme b u t  t h e r e  would p r o b a b l y  be  p o o l s  of  
n u c l e o t i d e s  p r e s e n t  i n  a c ru d e  e x t r a c t  s u f f i c i e n t  t o  p r o v i d e  f o r
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F ig .  16 E l u t i o n  p r o f i l e  of  f u m a r i c  a c i d  a f f i n i t y  column.
@  , p r o t e i n  c o n c e n t r a t i o n ;  ^  , s p e c i f i c  a c t i v i t y .
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i n h i b i t i o n  l e v e l s .  The work of  P e n n e r  and Cohen (1969) i n d i c a t e d  t h a t  
AMP d o es  n o t  a c t  a s  an i n h i b i t o r  o f  f u m a ra s e  and t h i s  o b s e r v a t i o n  i s  
s u p p o r t e d  by t h e  d a t a  p r e s e n t e d  h e r e  ( F i g u r e s  14 and 1 5 ) .
The a p p a r e n t  e a s e  w i t h  w h ich  a f f i n i t y  c h r o m a t o g r a p h i c  t e c h n i q u e s  
c o u ld  be a c c o m p l i s h e d  was v e r y  a p p e a l i n g  and t h e  f i r s t  p u r i f i c a t i o n  
a t t e m p t s  u t i l i z e d  t h i s  method.  An a f f i n i t y  column w i t h  f u m a r i c  a c i d  
c o u p led  w i t h  S e p h a ro s e  was p r e p a r e d  and t h e  r e s u l t s  o f  a t y p i c a l  run  
a r e  shown i n  F i g u r e  1.6. The column was l o a d e d ,  washed and e l u t e d  
w i t h  a KC1 g r a d i e n t  ( 0 . 0 - 0 . 5  M) i n  TMB. The d a t a  f rom t h e  wash i s  n o t  
shown in  t h e  f i g u r e .  The enzyme a c t i v i t y  e l u t e d  i n  a c o n t i n u o u s  
t r i c k l e  r a t h e r  th a n  as  any d e f i n e d  p e a k .  S e v e r a l  o t h e r  g r a d i e n t s  were 
t r i e d  w i t h  t h i s  column b u t  a l l  gave  s i m i l a r  r e s u l t s .  Woodfin (1973 ,  
1 9 7 5 ) ,  who used  s u c c i n a t e  a s  t h e  a f f i n i t y  l i g a n d  i n  a co lumn,  r e p o r t e d  
v e r y  s i m i l a r  r e s u l t s .  A f t e r  p o o l i n g  and c o n c e n t r a t i n g  enzyme c o n t a i n ­
in g  f r a c t i o n s ,  r e c h r o m a t o g r a p h y  on t h e  same column y i e l d e d  a peak  of  
enzyme a c t i v i t y .  No r e c h r o m a t o g r a p h y  o f  t h e  c o l l e c t e d  f r a c t i o n s  in  
t h i s  e x p e r i m e n t a t i o n  was a t t e m p t e d  and f u m a r i c  a c i d  a f f i n i t y  chroma­
to g r a p h y  was abandoned a s  a p u r i f i c a t i o n  method.
The s u c c e s s  of  o t h e r  a u t h o r s  i n  u s i n g  h y d r o p h o b i c  ch ro m a to g ra p h y  
t o  p u r i f y  p r o t e i n s  (Bussey  e t  a l . , 1975;  Yon and Simmonds,  1975) s u g ­
g e s t e d  t h a t  t h e s e  t e c h n i q u e s  m ig h t  be s u c c e s s f u l l y  a p p l i e d  t o  t h e  p u r i ­
f i c a t i o n  of  f u m a r a s e .  G e ren ,  Magee,  and Ebner  (1976)  u sed  t h e  h y d r o -  
p h o b ic  amino a c i d s  n o r l e u c i n e ,  p h e n y l a l a n i n e ,  and t y r o s i n e  a s  l i g a n d s  
c o u p le d  t o  S e p h a ro s e  and o b t a i n e d  s i m i l a r  r e s u l t s  i n  p u r i f y i n g  g a l a c t o -
70
F i g .  17.  E l u t i o n  p r o f i l e  o f  n o r - l e u c i n e  h y d r o p h o b ic  column.
A  , p r o t e i n  c o n c e n t r a t i o n ;  HI , s p e c i f i c  a c t i v i t y .  
Arrow i n d i c a t e s  s t a r t  o f  e l u t i o n  g r a d i e n t .
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s y l t r a n s f e r a s e  w i t h  each, l i g a n d . .  The same t h r e e  amino a c i d s  were  
employed f o r  th e  ch ro m a to g ra p h y  o f  fu m a ra s e  and were  found  t o  p e r f o r m  
e q u a l l y  w e l l  i n  s e p a r a t i n g  fu m a ra s e  from o t h e r  p r o t e i n s .  The r e s u l t s  
f o r  an e x p e r i m e n t  u s i n g  a n o r l e u c i n e  column a r e  shown i n  F i g u r e  17. 
Enzyme lo a d e d  o n to  t h i s  column had a s p e c i f i c  a c t i v i t y  of  1 ,200  
u n i t s / m g .  I t  can be s een  t h a t  most  o f  t h e  p r o t e i n  a p p l i e d  comes 
th ro u g h  th e  column w i t h  t h e  wash.  Towards t h e  end o f  t h e  wash some 
fu m ara se  a c t i v i t y  e l u t e s .  T h i s  c o u l d  h ave  b een  t h e  r e s u l t  o f  o v e r ­
l o a d i n g  t h e  column. E l u t i o n  o f  f u m a r a s e  from t h e  column was o b s e rv e d  
a l m o s t  i m m e d i a t e l y  upon a p p l i c a t i o n  of  t h e  g r a d i e n t .  The s p e c i f i c  
a c t i v i t y  of  t h e  p o o le d  f r a c t i o n s  o f  enzyme was 2 , 5 6 0  u n i t s / m g ,  a two­
f o l d  p u r i f i c a t i o n .
The e f f i c i e n c y  of  a n o t h e r  t y p e  o f  h y d r o p h o b i c  co lumn,  O c t y l  
S e p h a r o s e ,  was d e t e r m i n e d  and t h e  r e s u l t s  o f  a t y p i c a l  r u n  a r e  shown 
i n  F i g u r e  18.  As w i t h  t h e  amino a c i d  h y d r o p h o b ic  co lum ns ,  a l a r g e  
amount of  p r o t e i n  e l u t e s  from t h e  column w i t h  t h e  wash.  Some enzyme 
a c t i v i t y  e l u t e s  b u t  t h e  enzyme i s  a p p a r e n t l y  more t i g h t l y  bound t o  t h i s  
column p a c k i n g  t h a n  i t  was t o  t h e  amino a c i d  p a c k i n g s .  T h a t  t h i s  i s  
t h e  c a s e  i s  e v i d e n c e d  by t h e  f a c t  t h a t  f u m a ra s e  r e m a in e d  on t h e  column 
d u r i n g  t h e  e a r l y  p h a s e s  of  g r a d i e n t  e l u t i o n .  T h i s  s u g g e s t e d  t h a t  th e  
enzyme was n o t  r e l e a s e d  from i t s  h y d r o p h o b i c  bounds  w i t h  O c t y l  S e p h a ro s e  
a s  r e a d i l y  as  i t  was from t h e  amino a c i d  S e p h a r o s e s  and i n d i c a t e d  i n ­
c r e a s e d  h y d ro p h o b ic  i n t e r a c t i o n  w i t h  t h e  o c t y l  l i g a n d .  The column was 
cha rge d  w i t h  enzyme h a v i n g  a s p e c i f i c  a c t i v i t y  of  1480 u n i t s / m g  and t h e
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F ig .  18.  E l u t i o n  p r o f i l e  o f  O c t y l  S e p h a ro s e  h y d r o p h o b ic  column.
©  , p r o t e i n  c o n c e n t r a t i o n ;  , s p e c i f i c  a c t i v i t y .
Arrow i n d i c a t e s  s t a r t  o f  e l u t i o n  g r a d i e n t .
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enzyme i n  po o le d  c o n c e n t r a t e d  f r a c t i o n s  had a s p e c i f i c  a c t i v i t y  o f  
8 ,6 2 0  u n i t s / m g ,  a s i x - f o l d  p u r i f i c a t i o n .
R e s u l t s  p u b l i s h e d  by W i lchek  et_ a l .  (1975) i n d i c a t e d  a p o t e n t i a l  
p ro b lem  w i t h  s u b s t i t u t e d  S e p h a r o s e s .  They r e p o r t  t h a t  b u f f e r s  con­
t a i n i n g  f r e e  amino g r o u p s  s h o u ld  n o t  be l e f t  i n  c o n t a c t  w i t h  l i g a n d -  
c o u p led  S e p h a r o s e s  b e c a u s e  t h e  a m i n o - c o n t a i n i n g  compound can exchange  
w i t h  t h e  a t t a c h e d  l i g a n d ,  l e a d i n g  t o  a l o s s  o f  column e f f i c t i v e n e s s .
For  t h i s  r e a s o n  t h e  h y d r o p h o b ic  columns  were  washed im m e d i a t e l y  a f t e r  
u s e  w i t h  0 .0 5  M p h o s p h a t e  b u f f e r ,  pH 7 . 3 .
The O c ty l  S e p h a r o s e  column gave  an u n e x p e c t e d  r e s u l t .  D ur ing  
e l u t i o n  of  t h e  column w i t h  a 0 . 3 5 - 0 . 0  s a t u r a t e d  ammonium s u l f a t e  i n  
TMB, a d i s t i n c t  g r e e n  band  a p p e a r e d .  T h i s  b a n d ,  i n  f r a c t i o n s  5 0 -5 8 ,  
e l u t e d  i m m e d i a t e l y  p r i o r  t o  t h e  fu m a ra s e  a c t i v i t y .  S u b s e q u e n t  i n ­
v e s t i g a t i o n  r e v e a l e d  t h a t  t h i s  p r o t e i n  had v e r y  h i g h  c a t a l a s e  a c t i v i t y .  
T h i s  p r o t e i n  t u r n e d  o u t  t o  be a c o n v e n i e n t  m a rk e r  f o r  l o c a t i n g  fu m ara se  
a c t i v i t y  i n  s u b s e q u e n t  p u r i f i c a t i o n  s t e p s  a s  i t  was n o t  s e p a r a t e d  by 
any of  t h e  l a t e r  p u r i f i c a t i o n  s t e p s  e x c e p t  d e n s i t y  g r a d i e n t  c e n t r i f u ­
g a t i o n .
S h o r t l y  a f t e r  e x p e r i m e n t a t i o n  w i t h  t h e  O c t y l  S e p h a r o s e  columns was 
begun ,  Beeckmans and K anarek  (1977)  p u b l i s h e d  an a f f i n i t y  ch ro m a to ­
g ra p h y  p u r i f i c a t i o n  p r o c e d u r e  f o r  f u m a ra s e  u s i n g  S e p h a r o s e - p y r o m e l l i t i c  
a c i d  co lumns .  P u r i f i c a t i o n  a t t e m p t s  b a s e d  on t h e i r  method were  done 
and t h e  r e s u l t s  shown i n  F i g u r e  19 a r e  t y p i c a l  f o r  t h e  p y r o m e l l i t i c  
a c i d  a f f i n i t y  co lumns  r u n .  Most o f  t h e  p r o t e i n  e l u t e s  f rom t h i s
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F i g .  19.  E l u t i o n  p r o f i l e  o f  p y r o m e l l i t i c  a c i d  a f f i n i t y  column.
IP  , p r o t e i n  c o n c e n t r a t i o n ;  , a b s o r b a n c e .
Arrow i n d i c a t e s  b e g i n n i n g  o f  g r a d i e n t .
77
PROTEIN COWC. (mg/ml)
o _ m
•Tf
3
a
H
2
C
Z
R
2 0
A B S O R B  AfCE C2S0 nnt)
78
column i n  t h e  wash.  No enzyme a c t i v i t y  was e v e r  d e t e c t e d  i n  th e  
wash vo lum e,  i n d i c a t i n g  t h a t  t h e  column r e t a i n s  t h e  enzyme v e r y  
e f f i c i e n t l y .  A b so rb a n ce  was m easu red  and p l o t t e d  b e c a u s e  t h e  
e l u t i o n  b u f f e r  c o n t a i n e d  m a l a t e  w h ich  was c o n v e r t e d  t o  f u m a r a t e  
as  i t  p a s s e d  th r o u g h  t h e  column. The a b s o r b a n c e  f rom t h i s  compound 
was s u f f i c i e n t  t o  i n t e r f e r e  w i t h  p r o t e i n  d e t e r m i n a t i o n .  The f r a c ­
t i o n s  which  e x h i b i t e d  t h e  maximum i n c r e a s e  i n  a b s o r b a n c e  ( f r a c t i o n s  
39 -48 ,  i n  t h i s  exam ple )  were  p o o l e d ,  d i a l y z e d ,  c o n c e n t r a t e d ,  and 
t h e i r  s p e c i f i c  a c t i v i t y  d e t e r m i n e d .  The s p e c i f i c  a c t i v i t y  of  t h e  
enzyme lo a d e d  o n to  t h e  p y r o m e l l i t i c  a c i d  column was 1740 u n i t s / m g  
w h i l e  t h a t  o f  t h e  p o o le d  c o n c e n t r a t e d  f r a c t i o n s  was 10 ,600  u n i t s / m g ,  
a p u r i f i c a t i o n  o f  s l i g h t l y  more t h a n  s i x f o l d .  The f r a c t i o n s  c o l ­
l e c t e d  a f t e r  t h e s e  f i r s t  t e n  o r  tw e l v e  s t i l l  e x h i b i t  v e r y  h ig h  
a b s o r b a n c e  b u t  low fu m a ra s e  c o n t e n t .  I t  was c o n c l u d e d  t h a t  t h e  h ig h  
a b s o r b a n c e  r e s u l t e d  from f u m a r a t e  p r o d u c t i o n  from m a l a t e  by enzyme 
i r r e v e r s i b l y  bound t o  t h e  s u p p o r t .
The p y r o m e l l i t i c  and h y d r o p h o b ic  columns compare f a v o r a b l y  i n  
t h e i r  e f f i c i e n c y  o f  p u r i f i c a t i o n  and each  h a s  d i s t i n c e  a d v a n t a g e s  and 
d i s a d v a n t a g e s .  Enzyme o b t a i n e d  f rom t h e  h y d r o p h o b i c  column was more 
r e a d i l y  a s s a y e d  f o r  p r o t e i n  c o n c e n t r a t i o n  and fu m a ra s e  a c t i v i t y  b u t  
o v e r l o a d i n g  and s u b s e q u e n t  l o s s  of  enzyme i n  t h e  wash may o c c u r .  
A d d i t i o n a l l y ,  t h e  a p p e a r a n c e  o f  t h e  g r e e n  band o f  c a t a l a s e  i s  a con­
v e n i e n t  m arke r  f o r  l o c a t i n g  t h e  fu m a ra s e  a c t i v i t y .  The p y r o m e l l i t i c  
a c i d  co lumn,  how ever ,  can a c c e p t  l a r g e r  q u a n t i t i e s  o f  fu m a ra se
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F i g .  20.  E l u t i o n  p r o f i l e  o f  DEAE-Sephacel  i o n - e x c h a n g e  column.
. . A  .  r- • ■w  , p r o t e i n  c o n c e n t r a t i o n ;  , s p e c i f i c  a c t i v i t y .
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w i t h o u t  o v e r l o a d i n g  b u t  i t  was a l s o  d i f f i c u l t  t o  a s s a y  t h e  e l u t e d  
f r a c t i o n s  f o r  f u m a ra s e  and p r o t e i n .  The c a t a l a s e  band was n o t  ob­
s e r v e d  d u r i n g  e l u t i o n  o f  t h e  p y r o m e l l i t i c  co lumns.
L a m a r t i n i e r e  o b t a i n e d  good r e s u l t s  w i t h  t h e  i o n - e x c h a n g e  m a t e r i a l  
D E A E -c e l lu lo s e  (1969)  and t h u s  t h e  e f f i c a c y  o f  a beaded  DEAE-Sephacel  
column was d e t e r m i n e d  f o r  f u m a ra s e  p u r i f i c a t i o n .  A p r o t e i n  s o l u t i o n  
c o n t a i n i n g  fu m a ra se  w i t h  a s p e c i f i c  a c t i v i t y  of  1 1 ,0 0 0  u n i t s / m g  was 
lo a d e d  o n to  t h e  column.  The r e s u l t s  of  t h e  wash and KC1 g r a d i e n t  
e l u t i o n  a r e  shown i n  F i g u r e  20.  None o f  t h e  a p p l i e d  enzyme a c t i v i t y  
was d e t e c t e d  i n  t h e  wash b u f f e r .  The g r a d i e n t  e l u t e d  two p r o t e i n  p eak s  
i n  t h e  l a t e r  f r a c t i o n s .  The f i r s t  peak c o n t a i n e d  most  o f  t h e  c a t a l a s e  
a c t i v i t y .  The fu m a ra s e  a c t i v i t y  was p r e s e n t  in  t h e  second  p e a k ,  a 
s h o u l d e r  on t h e  f i r s t .  I t  can  be s e e n  t h a t  a v e r y  h i g h  a c t i v i t y  
(2 8 ,0 0 0  u n i t s / m g )  was o b t a i n e d  i n  one f r a c t i o n .  P o o l i n g  t h o s e  f r a c t i o n s  
w i t h  a s p e c i f i c  a c t i v i t y  g r e a t e r  t h a n  5000 u n i t s / m g  r e s u l t e d  i n  an 
enzyme s o l u t i o n  w i t h  19 ,0 0 0  u n i t s / m g .  I n c r e a s i n g  t h e  volume o f  t h e  
g r a d i e n t  d i d  n o t  s u b s t a n t i a l l y  improve  t h e  r e s u l t s  o f  t h e  DEAE-Sephacel  
co lumns .
S in c e  i s  was assumed t h a t  t h e  p r o t e i n  c o n t a m i n a n t  t h a t  c o - p u r i f i e d  
w i t h  fu m a ra se  and e x h i t i b e d  c a t a l a s e  was i n d e e d  c a t a l a s e ,  g e l  f i l t r a ­
t i o n  was t r i e d  as  a method of  p u r i f i c a t i o n .  T h i s  was b a s e d  on t h e  a s ­
su m p t io n  t h a t  t h e  c a t a l a s e  and fu m a ra se  from Pseudomonas  p u t i d a  have  
m o l e c u l a r  w e i g h t s  c l o s e  t o  t h e  l i t e r a t u r e  v a l u e s ;  2 40 ,000  and 1 9 4 ,0 0 0 ,  
r e s p e c t i v e l y  (Weber and O sbo rn ,  1969; D a r n a l l  and K l o t z ,  1 9 7 2 ) .  F i g u r e
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F i g .  21.  E l u t i o n  p r o f i l e  o f  S e p h a c r y l  S-200 S u p e r f i n e  g e l  f i l ­
t r a t i o n  column. ®  , p r o t e i n  c o n c e n t r a t i o n ;  / \  ,
s p e c i f i c  a c t i v i t y .
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F ig .  22.  E l u t i o n  p r o f i l e  o f  S e p h a ro s e  6B-CL g e l  f i l t r a t i o n
column. sj|  , p r o t e i n  c o n c e n t r a t i o n ;  , s p e c i f i c
a c t i v i t y .
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F ig .  23.  S u c r o s e  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  o f  c a t a l a s e  
c o n t a m i n a t e d  f u m a ra s e .  @  , p r o t e i n  c o n c e n t r a t i o n ;  
A , s p e c i f i c  a c t i v i t y .
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21 shows t h e  r e s u l t s  from a S e p h a c r y l  S-200 S u p e r f i n e  column.  The 
s p e c i f i c  a c t i v i t y  o f  t h e  enzyme was e s s e n t i a l l y  u n a l t e r e d  a f t e r  
p a s s a g e  t h r o u g h  t h e  column. I t  was c o n c lu d e d  t h a t  t h e  bed l e n g t h  
was i n s u f f i c i e n t  t o  p r o v i d e  u s e f u l  s e p a r a t i o n .  A S e p h a ro s e  6B-CL 
g e l  f i l t r a t i o n  column was p r e p a r e d  and t h e  r e s u l t s  can be  s e e n  i n  
F i g u r e  22.  I n  t h e  e x p e r i m e n t  shown, an u n i d e n t i f i e d  c o n t a m in a n t  
e l u t e s  f rom t h e  column s h o r t l y  b e f o r e  t h e  fu m a ra s e  a c t i v i t y .  As 
shown, t h e  fu m a ra s e  a c t i v i t y  i s  v e r y  h i g h  i n  some of t h e  f r a c t i o n s  b u t  
t h e  f u m a r a s e  i s  i n a d e q u a t e l y  s e p a r a t e d  from t h e  c a t a l a s e ,  t h e  p r e ­
dom inan t  p r o t e i n  p r e s e n t .  I n c r e a s e d  bed l e n g t h  would p r o b a b l y  a i d  t h e  
s e p a r a t i o n .
P r e l i m i n a r y  i n v e s t i g a t i o n s  i n  t h e  Model E a n a l y t i c a l  u l t r a c e n t r i ­
fu g e  i n d i c a t e d  t h a t  t h e  two p r o t e i n s  c o u ld  be s e p a r a t e d  by c e n t r i f u ­
g a t i o n ,  so  s u c r o s e  g r a d i e n t s  were  r u n .  A r e p r e s e n t a t i v e  example  i s  
g i v e n  i n  F i g u r e  23.  Fumarase a c t i v i t y  was l o c a l i z e d  i n  t h e  upper  h a l f  
o f  t h e  g r a d i e n t  w h i l e  c a t a l a s e  a c t i v i t y  was found  i n  t h e  lower  h a l f  
w i t h  some o v e r l a p p i n g  of t h e  two enzyme p e a k s .  The fum ara se  a c t i v i t y  
found i n  t h e  c e n t e r  o f  t h e  peak  i s  30 ,800  u n i t s / m g ,  e s s e n t i a l l y  i d e n t i ­
c a l  w i t h  t h e  v a l u e  r e p o r t e d  by Kanared  and H i l l  (1 9 6 4 ) .  F i g u r e  24 i s  
a p h o t o g r a p h  o f  an a n a l y t i c a l  s l a b  g e l  w hich  shows t h e  p r o t e i n  p r o f i l e  
o f  s a m p le s  from t h i s  s u c r o s e  d e n s i t y  g r a d i e n t  (SDG). W el ls  number 1 
and 10 w ere  f i l l e d  w i t h  e l e c t r o p h o r e s i s  b u f f e r .  No c a t a l a s e  band was 
p r e s e n t  i n  SDG f r a c t i o n  6 w h ich  was a p p l i e d  t o  w e l l  number 2.  C a t a l a s e  
bands  a r e  v i s i b l e  i n  w e l l s  number 3,  4 ,  and 5 from SDG f r a c t i o n s  8,  10,
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F i g .  24.  A n a l y t i c a l  s l a b  g e l  o f  f r a c t i o n s  from s u c r o s e  d e n s i t y
g r a d i e n t .  25 pg s am p les  a p p l i e d .  Wel l  //: 2 ,  f r a c t i o n  6;  
3,  f r a c t i o n  8; 4 ,  f r a c t i o n  10; 5 ,  f r a c t i o n  12; 6,  f r a c t i o n  
16; 7,  f r a c t i o n  20; 8,  f r a c t i o n  21; 9 ,  f r a c t i o n  23.
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TABLE 1
P u r i f i c a t i o n  o f  F um ara te  H y d r a t a s e  from Pseudomonas p u t i d a
P r o t e i n
C o n c e n t r a t i o n
(mg/ml)
T o t a l
P r o t e i n
(mg)
T o t a l  P e r c e n t
U n i t s  Recovery
S p e c i f i c
A c t i v i t y
( u n i t s / m g )
Crude E x t r a c t  2 4 .0
P r o t a m in e  S u l f a t e  3 .77
(NH4 ) 2S04 ( 0 . 3 5 - 0 .5 5 )  2 0 .9 0
H ydrophob ic  Column 
(NH4) 2S04 ( 0 . 2 5 - 0 . 6 0 )  7 .1
DEAE-Sephacel
(NH4 ) 2S04 ( 0 . 3 5 - 0 . 6 0 )  7 .01
P y r o m e l l i t i c  Acid
( N H . ) _ S 0 . ( 0 . 3 5 - 0 . 6 5 )  1 .354 2 4
S u c ro s e  G r a d i e n t  1 .07
607 .5
1998.
4 5 9 .8
42 .6
18 .9
2 . 8
1.5
1 .002x10°  
7 . 5 6 1 x l 0 5 
6.424x10-*
3.559x10-
2 . 5 4 7 x l0 5
6 .653x10 4
4 .620x10
75 .4  
64 .1
35 .5
25 .4
6 .6  
4 .6
165.
378 .4
1397 .1
8356 .8
13476.
24200.
30800.
and 12 ,  r e s p e c t i v e l y .  The sample  a p p l i e d  t o  w e l l  number 6 was t a k e n  
f rom SDG f r a c t i o n  16.  F r a c t i o n s  20 ,  21 ,  and 23 f rom t h e  g r a d i e n t  were  
a p p l i e d  t o  w e l l s  7,  8 ,  and 12 r e s p e c t i v e l y .  T h i s  g e l  c l e a r l y  i n d i ­
c a t e s  t h a t  ho m o g e n e i ty  h a s  been  a c h i e v e d ,  n o t  o n ly  f o r  f u m a r a s e ,  b u t  
a l s o  f o r  t h e  c o n t a m i n a n t  c a t a l a s e  a s  w e l l .
A t y p i c a l  p u r i f i c a t i o n  scheme i s  shown i n  T a b l e  1.  F o r t y  g rams,  
wet w e ig h t  of  c e l l s ,  was t r e a t e d  as  d e s c r i b e d  i n  M a t e r i a l s  and 
M ethods .  The 1 . 5  mg o f  p r o t e i n  o b t a i n e d  r e p r e s e n t s  a y i e l d  o f  4.6% and 
a 1 9 0 - f o l d  p u r i f i c a t i o n  from t h e  c r u d e  enzyme. T h i s  was somewhat lower  
t h a n  e x p e c t e d  a s  t e c h n i c a l  p ro b le m s  w i t h  t h e  p y r o m e l l i t i c  a c i d  a f f i n i t y  
column p r e v e n t e d  a y i e l d  a s  h i g h  as  h a s  been  o b t a i n e d  i n  p r i o r  e x p e r i ­
m en ts .  I t  i s  t h o u g h t  t h a t  t h e  p r o c e d u r e s  d e s c r i b e d  h e r e  a r e  a s i g n i ­
f i c a n t  im provement o v e r  t h e  p r e v i o u s l y  p u b l i s h e d  method f o r  t h e  p u r i f i ­
c a t i o n  of  fu m a ra se  from Pseudomonas  p u t i d a . I n  a d d i t i o n ,  t h e  s i m u l ­
t a n e o u s  p u r i f i c a t i o n  o f  c a t a l a s e  i s  an i n t e r e s t i n g  a s p e c t  of  t h i s  
p u r i f i c a t i o n  scheme t h a t  w i l l  have  t o  be e x p l o r e d  f u r t h e r .
Fumarase w i t h  a s p e c i f i c  a c t i v i t y  o f  30 ,4 0 0  u n i t s / m g  was used  f o r  
f u r t h e r  e x p e r i m e n t a t i o n .  F i g u r e  25 i s  a p h o t o g r a p h  o f  a SDS p o l y a c r y l a ­
mide s l a b  g e l  r u n  i n  o r d e r  t o  o b t a i n  an e s t i m a t e  o f  t h e  m in im a l  m olecu­
l a r  w e ig h t  o f  t h e  enzyme. The s t a n d a r d  p r o t e i n s  w ere :  r i b o n u c l e a s e  
( 1 3 , 7 0 0 ) ,  c h y m o t ry p s in o g e n  ( 2 5 , 7 0 0 ) ,  a l d o l a s e  ( 4 0 , 0 0 0 ) ,  ova lbum in  
(4 3 ,0 0 0 )  and b o v i n e  c a t a l a s e  ( 6 0 , 0 0 0 ) .  Com par ison  o f  t h e  R f ' s  o f  t h e s e  
p r o t e i n s  and Pseudomonas  p u t i d a  fu m a ra s e  r e s u l t s  i n  a v a l u e  o f  50 ,2 0 0
f o r  t h e  minimum m o l e c u l a r  w e i g h t  o f  f u m a r a s e .  The c a l c u l a t e d  m o l e c u l a r
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F ig .  25.  SDS s l a b  g e l  o f  enzyme w i t h  a s p e c i f i c  a c t i v i t y  o f
30 ,400  u n i t s  p e r  mg. 100 pg sam ples  a p p l i e d .  Wel l  //:
3,  c h y m o t ry p s in o g e n ;  4 ,  c a t a l a s e ;  5 ,  o v a lb u m in ;  6 ,  fuma­
r a s e ;  7 ,  a l d o l a s e ;  8 ,  r i b o n u c l e a s e .  A- 5 0 , 2 0 0 ,  B- 8 9 ,6 0 0 .
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F i g .  26.  E s t i m a t e  of  m o l e c u l a r  w e ig h t  from a n a l y t i c a l  u l t r a ­
c e n t r i f u g e  s t u d i e s .  / \  , 24 h o u r s ;  o , 34 h o u r s .
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w e i g h t  o f  t h e  h e a v i e s t  band f o r  fu m a ra se  was 8 9 ,6 0 0 .  T h i s  v a l u e  
d o e s  n o t  c o r r e l a t e  e x a c t l y  t o  d o u b le  t h e  minimum m o l e c u l a r  w e ig h t  b u t  
t h e  g e l  c o n c e n t r a t i o n  i s  15%, which  somet im es  l e a d s  t o  co m p re s s io n  of 
t h e  b a n d s .  P r e s u m a b l e ,  c o m p re s s io n  o c c u r r e d  i n  t h i s  g e l .  C a l c u l a ­
t i o n s  were  c o r r e c t e d  f o r  t h e  cu rv ed  m i g r a t i n g  f r o n t .
A n o th e r  method o f  e s t i m a t i n g  m o l e c u l a r  w e ig h t  i s  t h e  m e n i s c u s  
d e p l e t i o n  method of  Y p h a n t i s  (1964) , when a n a l y z e d  i n  t h e  Model E 
a n a l y t i c a l  u l t r a c e n t r i f u g e .  R e s u l t s  from an e x p e r i m e n t  u s i n g  t h i s  
t e c h n i q u e  can be s e e n  i n  F i g u r e  26. Two c u r v e s  a r e  p l o t t e d ,  one from 
d a t a  r e c o r d e d  a t  24 h o u r s  and t h e  o t h e r  a t  t h e  end of  34 h o u r s .
I d e a l l y  t h e  c u r v e s  would be s t r a i g h t  l i n e s  b u t  i t  can be s een  th e  d a t a  
p o i n t s  c o u ld  be  used  t o  d e v e l o p  b i p h a s i c  c u r v e s  a t  b o t h  24 h and 34 h.  
S t r a i g h t  l i n e s  a r e  r e q u i r e d  t o  c a l c u l a t e  w e i g h t s .  The s i g n i f i c a n c e  of 
t h e  two c u r v e s  i s  u n c l e a r  b u t  t h e y  may be t h e  r e s u l t  o f  d i s s o c i a t i o n  
o f  t h e  enzyme, w h ich  i s  known t o  o c c u r  a t  low enzyme or  b u f f e r  co n ce n ­
t r a t i o n s  ( T e i p e l  and H i l l ,  1 9 7 1 ) .  I t  seems l o g i c a l  t o  assume t h a t  as  
t h e  p r o t e i n  i s  s e d i m e n t e d ,  c o n c e n t r a t i o n  i n c r e a s e s  a t  t h e  b o t to m  of 
t h e  c e l l  and a g g r e g a t i o n  ( o r  r e - a g g r e g a t i o n )  c o u ld  o c c u r .  At t h e  same 
t i m e ,  fu m a r a s e  c o n c e n t r a t i o n  a t  t h e  t o p  o f  t h e  c e l l  would p r o g r e s s i v e l y  
d e c r e a s e  and d i s s o c i a t i o n  c o u l d  o c c u r ,  r e s u l t i n g  i n  t h e  d i s c r e p a n c i e s  
s e e n .  I n  an e f f o r t  t o  e x p l a i n  t h e  o b s e r v a t i o n s ,  l i n e s  were  drawn t o  
e s t i m a t e  t h e  m o l e c u l a r  w e i g h t  a t  b o t h  t h e  to p  and b o t to m  o f  t h e  c e l l  
f o r  e a c h  a n a l y s i s  t i m e .  At t w e n t y - f o u r  h o u r s ,  t h e  a p p a r e n t  m o l e c u l a r  
w e i g h t s  a r e  2 9 ,0 0 0  f o r  t h e  c e n t e r  p a r t  o f  t h e  c u rv e  and 7 2 ,100  f o r  t h e
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b o t to m  p a r t  of t h e  c u r v e .  The v a l u e s  o b t a i n e d  a t  t h i r t y - f o u r  h o u r s  
a r e  2 8 ,6 0 0  and 8 5 ,600  r e s p e c t i v e l y .  The v a l u e s  o b t a i n e d  from th e  
b o t to m  of t h e  c e l l  compare f a v o r a b l y  w i t h  t h o s e  r u n s  where t h e  p h o t o ­
e l e c t r i c  s c a n n e r  was used  t o  d e t e r m i n e  t h e  m o l e c u l a r  w e i g h t ,  t h e  
r e s u l t s  of w h ich  ( d a t a  n o t  shown) g iv e  a v a l u e  of  9 0 ,1 0 0  f o r  fu m a ra se .
I t  s h o u ld  be n o t e d  t h a t  t h e s e  f i g u r e s  a r e  a l l  c l o s e  t o  t h e  v a l u e  of  
8 9 ,600  s e e n  i n  t h e  SDS s l a b  g e l .  The q u e s t i o n  a r i s e s  as  t o  what  i s  
t h e  a c t u a l  m o l e c u l a r  w e ig h t  of  t h e  n a t i v e  enzyme. The r e s u l t s  of  
L a m a r t i n i e r e  i n d i c a t e d  t h a t  166 ,000  was t h e  m o l e c u l a r  w e ig h t  of  fu m ara se  
from Pseudomonas  p u t i d a  and th e  p r e s e n t  r e s u l t s  do n o t  p r e c l u d e  t h i s  
f i g u r e .  L i k e w i s e ,  t h e  r e s u l t s  o b t a i n e d  h e r e  do n o t  p r e c l u d e  t h e  v a l u e  
of  1 9 4 ,0 0 0  as  s t a t e d  by K anarek  et_ a l .  The v a l u e  r e a l l y  depends  on 
w h e th e r  t h e  enzyme i s  co m p r i s ed  o f  f o u r  s u b u n i t s  o f  abou t  50 ,000  MW 
or  f o u r  s u b u n i t s  o f  4 4 ,0 0 0  MW. F i n a l  d e t e r m i n a t i o n  of  t h e  m o l e c u l a r  
w e ig h t  o f  t h e  n a t i v e  enzyme of  Pseudomonas  p u t i d a  i s  n o t  p o s s i b l e  w i t h  
t h e  i n f o r m a t i o n  o b t a i n e d  by t h e  r e s e a r c h  r e c o r d e d  h e r e .
F i g u r e  27 i s  a L in e w e a v e r -B u rk  p l o t  f i t t e d  by t h e  method of  l e a s t
s q u a r e s .  At pH 7 . 3 ,  u s i n g  L - m a l a t e  as  t h e  s u b s t r a t e ,  t h e  Km o b t a i n e d
was 5 . 5  mM. L a m a r t i n i e r e  (1969)  gave a v a l u e  o f  3 .1 3  mM f o r  enzyme
a s s a y e d  u n d e r  t h e  same c o n d i t i o n s .  F i g u r e  28 i s  an E a d i e - H o f s t e e  p l o t ,
a l s o  f i t t e d  by t h e  method o f  l e a s t  s q u a r e s ,  o f  t h e  k i n e t i c  d a t a .  T h i s
p l o t  i s  g e n e r a l l y  c o n s i d e r e d  more a c c u r a t e  t h a n  t h e  L in ew e av e r -B u rk
p l o t  ( F e r s h t ,  1 9 7 7 ) .  The f o r  Pseudomonas p u t i d a  fu m a ra s e  by t h i s
method i s  5 . 5 1  mM. Whi le  i t  i s  d i f f i c u l t  t o  d e t e r m i n e  why t h e  K i sJ m
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F i g .  27. L in e w e a v e r -B u rk  p l o t  o f  Kffl d e t e r m i n a t i o n  o f  p u r i f i e d  
enzyme.
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F i g .  28.  E a d i e - H o f s t e e  p l o t  of  K d e t e r m i n a t i o n  o f  p u r i f i e dm
enzyme.
102
fo
i
o
x
CO
o
>
d i f f e r e n t  from t h e  v a l u e  o b t a i n e d  by L a m a r t i n i e r e  (1 9 6 9 ) ,  some 
p o s s i b i l i t i e s  s u g g e s t  t h e m s e l v e s .  The enzyme may no l o n g e r  be t h e  
same as  when L a m a r t i n i e r e  s t u d i e d  i t .  T h i s  would be d i f f i c u l t  t o  
p ro v e  b u t  enzyme i s o l a t e d  from c e l l s  grown i n  c o n t i n u o u s  c u l t u r e  in  
t h i s  e x p e r i m e n t a t i o n  y i e l d e d  enzyme i n  t h e  c r u d e  e x t r a c t  w i t h  t h e  
same s p e c i f i c  a c t i v i t y  a s  c ru d e  e x t r a c t  enzyme i n  L a m a r t i n i e r e ' s wor 
The v a l u e s  o b t a i n e d  f o r  t h e  fu m a ra s e  of  P s . p u t i d a  ( a r v i l l a )  mt-2  
a r e  i n  v e r y  c l o s e  a g re e m e n t .  T h i s  c e r t a i n l y  d o e s  n o t  mean t h a t  th e  
two enzymes a r e  i d e n t i c a l  b u t  i t  does  i n d i c a t e  t h a t  t h e  two a r e  v e r y  
s i m i l a r .  A more l i k e l y  e x p l a n a t i o n  f o r  t h e  a l t e r e d  i s  t h a t  t h e  
enzyme h a s  been  a l t e r e d  d u r i n g  i t s  p u r i f i c a t i o n .  S in c e  p y r o m e l l i t i c  
a c i d  i s  a c o m p e t i t i v e  i n h i b i t o r  of  t h e  enzyme, i t  i s  p o s s i b l e  t h a t  
some of t h e  l i g a n d  i r r e v e r s i b l y  bound t o  t h e  enzyme and t h i s  enzyme, 
p u r i f i e d  w i t h  u n a l t e r e d  enzyme, a p p e a r s  t o  r a i s e  t h e  K^. F u r t h e r  
work w i l l  be r e q u i r e d  t o  d e t e r m i n e  i f  t h i s  i s  a c t u a l l y  t h e  c a s e .
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